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SUMMARY 
Most living tissues are composed of repeating units on the scale of hundreds of 
microns, which are ensembles of different cell types with well deﬁned three-
dimensional (3-D) micro-architectures and tissue-speciﬁc, functional properties. To 
generate thick and functional engineered tissues, the recreation of these structural 
features is of great importance in enabling the resulting function [1]. To address this 
need recent efforts [2–4] have been concentrated on bottom-up approaches aimed at 
generating a larger tissue construct by the assembly of smaller building blocks, which 
mimics the in vivo tissue structure of repeating functional units. 
In this PhD thesis a novel bottom-up approach, recently published [4], has been 
improved and used to produce thick functional tissues. First of all the chapter 1 deals 
with a critical analysis of the literature which highlights how the morphological, 
mechanical e functional properties of tissue in vivo are strictly regulated by extra 
cellular matrix and cell cross talking has been [5,6]. Then in chapter 2 the realization 
of 3D dermis equivalent in vitro tissue completely made up of endogenous 
extracellular matrix by assembling functional microtissues precursor is reported. In 
particular it is highlighted how the microscaffold degradation rate affects the 
assembly and maturation of de novo synthesized ECM in a 3D dermis equivalent in 
vitro by means of morphological analysis that highlights the composition and of 
ECM’s main components. 
In the chapter 3 the processing of a millimetric thick 3D dermis equivalent model is 
described underlining the capability of the process to overcome the classical diffusion 
limits of traditional top-down tissue engineering [7]. A comparative survey between 
3D dermis realized and native human dermis has been reported by means of 
immunofluorescence analyses. Moreover multiphoton microscopy, a non invasive 
microscopic techniques that guarantee high resolution capability, has been used to 
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assess the capability of our model of responding to external stimuli such as the UVA, 
stating that: the 3D dermis model is able to recapitulate the intricate pathway that in 
vivo plays a fundamental role in phenomena in which the structural proteins of ECM 
are involved [6].  
In chapter 4 is reported the bio-fabrication of a skin full thickness in vitro model by 
testing different co-coltures condition in order to adjust the keratinocytes 
differentiation properties that are strongly affected by the growth factor present in the 
medium and by the interaction with an endogenous ECM such as the dermis 
equivalent tissue realized [8]. Since the human skin model realized, is made up of 
endogenous ECM it could be used in vitro both as screening tool and as model for 
the study of healthy and disease skin, and in vivo as skin substitute in clinical 
application [9,10]. At last in chapter 5 an industrial application of the tissue 
engineering strategy developed has been explored. Dermis equivalent of animal 
origin having different shape such as fiber, disk, sheet and “doll shoes” has been 
produced demonstrating the versatility of the bottom-up that guarantee control of the 
final tissues shape [1,2]. Moreover, the realized tissues equivalent have been 
subjected to chrome tanning to demonstrate its possible application as an useful 
alternative to animal skin in the textile fields. 
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Chapter 1 
Extra cellular matrix and skin tissue engineering 
applications: an overview 
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Extracellular matrix and its properties 
The ECM exists in several biochemical and structural forms and is secreted and 
assembled by cooperative activity of numerous cell types [1]. The individual 
components of the ECM and its three-dimensional ultra-structure and biophysical 
properties can signal specific information to cells and modulate essential immune-
function, such as cell migration into and within inflamed tissue, cell activation and 
proliferation, and cell differentiation processes. In our body, the cell’s direct 
environment is composed of an intricate 3D network of fibrillar proteins, 
proteoglycans and glycosaminoglycans (GAGs), collectively termed the extracellular 
matrix (fig.1). Each single component and three-dimensional ultrastructure impart 
specific signal to cell that modulate basic function that are important for regeneration 
and maintenance of tissues and organs, and it therefore plays a critical role in 
successful tissue engineering as well [2]. The first mission is to identify to know the 
components of ECM. An obvious choice is to start with the most abundant protein: 
collagen. More than 20 genetically different types of collagen have been identified so 
far. Collagen molecules consist of three polypeptide a chains, each of them 
containing at least one repeating Gly-X-Y sequence, where X and Y are usually 
proline and hydroxyproline, respectively [3,4]. The three chains are supercoiled 
around a central axis in a right-handed manner to form a triple helix. Collagen 
molecules self-assemble into collagen fibrils, which form the collagen fibers after 
crosslinking. During the biosynthesis of collagen, the molecule undergoes several 
post-translational modifications, i.e. hydroxylation and glycosylation of particular 
residues. Depending on their structure and supra-molecular organization, collagens 
can be classified into fibrillar (accounting for 90% of all collagens) and non-fibrillar 
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collagens. For example, fibrillar collagens provide torsional stability and tensile 
strength and can be found in tissues such as bone, cartilage or ski 
 
Figure 1.: Overview of the cell microenvironment. The cell’s surrounding is composed of a 
highly hydrated environment containing physical and soluble signals, which can 
control signaling and activation of certain target genes. The activation of these 
genes will control the phenotype of the cell.[2] 
 
In contrast, basement membrane collagens such as collagen type IV are more 
flexible, giving the basement membrane its typical characteristics [3,5]. In general, 
collagens are mainly seen as structural proteins although they contain small 
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sequences responsible for binding to cellular receptors. Elastin is a protein which can 
be found in ECM of tissues that have the ability of transiently stretching such as skin, 
oesophagus, lungs or blood vessels. Tropoelastin is the soluble precursor of elastin 
which, upon secretion to the extracellular space, can be stabilized by covalent 
crosslinking between the side chains of lysine, resulting in massive macro-arrays of 
mature elastin. Due to the extensive crosslinking there is a decrease in the solubility. 
The elastic properties of elastin have been attributed to the conformational entropy 
between the non-polar peptide sequences and lysine sequences which are 
extensively crosslinked. [6,7]. In short, collagen and elastin may be considered as the 
bricks of ECM due to their contribution to the mechanical properties of ECM. Another 
mode of action can be seen with the GAGs, which contribute to the gel-like 
characteristics of ECM. GAGs are long unbranched carbohydrated polymers 
consisting of repeating disaccharide units. These units are composed of one of two 
modified sugars-N-acetylgalactosamine or N-acetylglucosamine. They are 
responsible for growth factor sequestration and, due to their ability to retain water, 
they contribute to the characteristic appearance of ECM. When hydrated, GAGs are 
responsible for increase in tissue stiffness as they act as water pumps under 
mechanical loads. The reason for this can be due to water molecules binding to 
GAGs anionic groups as previously proposed[8]. Two of the most common proteins 
responsible for cell adhesion are fibronectin and laminin. Fibronectin is the second 
most abundant protein in ECM, where it is organized into a fibrillar network. It is a 
large glycoprotein dimer and each monomer contains three types of repeating units 
designated type I, II and III. In these units we can find functional domains responsible 
for interaction with cell surface receptors and with fibronectin itself. Laminin is a 
complex adhesion molecule especially found in the basement membrane of almost 
every tissue.  
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The role of ECM-cells cross talking in pathological events: wound 
healing and photoaging  
The role of myofibroblast in ECM production and reorganization (fig. 2) in wound 
contraction is an example showing the crosstalk between ECM and cells [9]. In 
simple way it has been shown that during skin wound healing, a fibrin matrix is 
formed in the wound bed serving as a scaffold, allowing migration and proliferation of 
dermal fibroblasts [10] The development of mechanical stress stimulates fibroblasts 
to develop stress fibres and to produce collagen, so they acquire the proto-
myofibroblast phenotype that secrete transforming growth factor β1 (TGF-β1) and in 
a feedback loop, proto-myofibroblasts become differentiated myofibroblasts by 
synthesizing α-smooth muscle actin and generating increased contractile force in a 
process of remodelling results in shortening of the collagen matrix with wound 
closure. The other example is the photoaged skin that is characterized by alteratios 
to the dermal connective tissue. The extracellular matrix in the dermis mainly consists 
of type I and type III collagen, elastin, proteoglycans, and fibronectin. In particular, 
collagen fibrils are important for the strength and resilience of skin, and alterations in 
their number and structure are thought to be responsible for wrinkle formation. In 
photoaged skin, collagen fibrils are disorganized and abnormal elastin-containing 
material accumulates and collagen and elastin may be considered as the bricks of 
ECM due to their contribution to the mechanical properties of ECM [11]. Biochemical 
studies have revealed that in photoaged skin levels of type I and III collagen 
precursors and crosslinks are reduced, whereas elastin levels are increased, and an 
imbalance between activation of matrix metalloproteinases MMPs and their 
respective tissue inhibitors of metalloproteinases TIMPs could lead to excessive 
proteolysis [12,13]. So, In this introduction we will highlight the role of the 
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extracellular matrix and discuss the latest technological possibilities to exploit the 
extracellular matrix in tissue engineering.  
 
 
Figure 2.: model of the role of myofibroblasts during the healing of an open wound. a | In normal 
tissues, fibroblasts experience a relatively low amount of tension owing to stress-
shielding by the surrounding collagen matrix, When a full-thickness dermal wound is 
filled by a fibrin clot, local growth factors stimulate fibroblasts from the adjacent intact 
dermis to invade this provisional matrix. b | The development of mechanical stress 
stimulates fibroblasts to develop stress fibres and to produce collagen, so they acquire 
the proto-myofibroblast phenotype. Tensional forces and growth factors stimulate proto-
myofibroblasts to secrete transforming growth factor β1 (TGF-β1).c | In a feedback loop, 
proto-myofibroblasts become differentiated myofibroblasts by synthesizing α-smooth 
muscle actin and generating increased contractile force. At the same time, differentiated 
myofibroblasts lay down collagen and other extracellular-matrix (ECM) components, and 
produce proteases. This complex process of remodelling results in shortening of the 
collagen matrix with corresponding wound closure. d | When a normal healing wound 
closes, myofibroblasts disappear by apoptosis and a scar is formed. e | However, in 
many pathological situations, such as hypertrophic scar formation, myofibroblasts 
persist and continue to remodel the ECM, which results in connective-tissue contracture. 
In conclusion, myofibroblasts, far from being a ‘bad’ cell type, are functionally essential 
cells. It is their dysregulation that is the cause of tissue dysfunction.[13] 
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Figure 3.: Hypothetical Model of the Pathophysiology of Dermal Damage and Photoaging Induced 
by Ultraviolet Irradiation. Exposure to levels of ultraviolet (UV) light that cause no 
detectable sunburn induces the expression of matrix metalloproteinases (MMPs) in 
keratinocytes (KC) in the outer layers of skin, as well as fibroblasts (FB) in connective 
tissue; these metalloproteinases degrade collagen in the extracellular matrix of the 
dermis. The extent of matrix destruction is limited by the simultaneous induction of 
tissue inhibitor of matrix metalloproteinases-1 (TIMP-1), which partially inhibits the 
activity of matrix metalloproteinases. The breakdown of collagen is followed by 
synthesis and repair, which, as with all types of wound healing, is imperfect and leaves 
subtle, clinically undetectable deficits in the organization or composition of the 
extracellular matrix, or both. Matrix damage, followed by imperfect repair, occurs with 
each ensuing exposure to the sun, leading to the accumulation of altered matrix (solar 
scar) and, eventually, observable photoaging (wrinkles). The upper panels with the blue 
background depict the processes examined in our study, and the upper and lower panels 
with the yellow background depict hypothetical processes that are consistent with our 
results.[11] 
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How build-up a tissue equivalent in vitro: bottom-up approach. 
Tissue engineering is an interdisciplinary field that applies the principles of 
engineering and life sciences toward the development of biological substitutes that 
restore, maintain, or improve tissue function [14]. 
Traditional tissue engineering strategies typically employ a “top-down” approach, in 
which cells are seeded on a biodegradable polymeric scaffold (fig. 4). In top-down 
approaches, the cells are expected to populate the scaffold and create the 
appropriate extracellular matrix (ECM) and microarchitecture often with the aid of 
perfusion [15], growth factors [16] and/or mechanical stimulation.  
 
 
Figure 4.:Bottom-up & Top-down approaches to tissue engineering. In the bottom-up 
approach there are multiple methods for creating modular tissues, which are then 
assembled into engineered tissues with specific microarchitectural features. In 
the top-down approach, cells and biomaterial scaffolds are combined and 
cultured until the cells fill the support structure to create an engineered 
tissue.[14] 
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Top-down approaches often have difficulty recreating the intricate microstructural 
features of tissues. Subsequently, from an engineering point of view, (fig.4) it was 
proposed to build tissues by assembling blocks mimicking those units in a bottom-up 
or modular approach [17,18]. This approach brings versatility and scalability to the 
fabrication of in vitro tissue models or implants. The fabrication of those tissue 
models necessitates tools to create an initial architecture and to systematically 
manipulate their microenvironments in space and time [19]. One of the major 
challenges of bottom-up tissue engineering is to assemble modular tissues with 
specific micro architectures into macroscale biomimetic engineered tissues. Other 
challenge is to retain the microarchitecture and cellular behavior of modular tissues, 
while creating engineered tissues with robust mechanical properties. Technologies 
developed within the bottom-up strategy are numerous and include: method favors 
fabrication of Microscale Building Blocks (MBBs) as show in figure 4, that can be 
assembled into larger constructs. MBBs are gel encapsulated cells [20] or 
spontaneously aggregated cells [21]. It gained versatility and precision with 
microfabricated templates using photolithography [22], micromachining [23], soft 
lithography [24], membrane technology [25], centrifugal casting [26] or the 
combination of multiple processes [27]. Templates are rather cheap and allow rapid 
production of big quantities of MBBs of defined shape and size. Their assembly into 
ordered constructs requires further development (Fig. 5)  
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Figure 5.: from tissue assembly to tissue development in vitro. Tissue fabrication methods 
allow the assembly of cells into primitive tissue compartments, which are prone to 
remodeling. The tissue geometry along with the manipulation of the environment at 
a microscale further promote the self-organization of cells into more complex 
tissues in vitro. [14] 
 
Examples of constructs resulting from a bottom-up approach include structures from 
various single cell types and from mixtures of different cell types by pouring different 
types of cell beads into a single PDMS mold (fig 6A). Although approximately 100000 
monodisperse cell beads are required to fabricate millimetrescale 3D tissue.The 
primary advantages of this method are rapid production of millimetre-thick 3D cell 
structures, homogeneous cell density, and tissue formation without necrosis in a 
period of less than a week because of the supply of the cell culture medium through 
cavities between cell beads. In addition, when the millimetre-thick 3D cell structure 
was composed of HepG2 cells and NIH 3T3 cells, albumin secretion increased daily 
from the HepG2 cells in the 3D tissue, but not in the 2D culture system. However, the 
construction of the vessel network in the 3D cell structures is required to maintain cell 
viability over a long period. Adaptations of this method will allow the formation of 
capillary networks in the structure because methods using the mold can integrate 
cell-laden fibers as capillaries into bead-based cell structures[28]. As another method 
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of a bead-based assembly, the printing of cellular spheroids or cell-laden hydrogel 
beads can be used to sequentially stack these materials layer-by-layer.[29-32] 
Combined with computer-aided printing systems, the printing approach enables the 
rapid construction of complex 3D structures with different types of cells.  
 
 
 
Figure 6.: 3D organotypic construct (i) Fluorescent image of a macroscopic structure 
with a complex shape. Live cell staining indicates that almost all cells 
within the structure are alive.( j) 3D cell structures formed by knitting cell-
laden hydrogel fibers. The fibers are composed of collagen and alginate 
gel encapsulating HeLa cells.34 (k) Ring-shaped cell structure fabricated 
by printing cell beads. Various cell types are spatially coded within the 
structure.30 (l) Tube-shaped structure prepared by printing cell 
beads.30.[28]  
 
For example, the printing of cellular spheroids or cell-laden collagen beads has been 
used to reproducibly construct ring-shaped structures containing multiple cell-laden 
beads in specific designed locations (Fig.6B) and hollow tubes (Fig. 6D) [29,31,32]. A 
fiber-based assembly method was recently proposed for the construction of 3D cell 
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structures with complex shapes. Assemblies of cell-laden hydrogel fibers can be 
formed by weaving these fibers together, much as threads are woven to form cloth 
[33]. These approaches produce a metastable multicellular construct that will 
remodel over time according to biological and physical principles (i.e. migration of the 
cells, shrinkage of the hydrogel). Shapes and patterns are not inevitably translated to 
the final tissue. Designs must thus focus on promoting proper remodeling into the 
final architecture. Clearly, understanding and promoting tissue self organization 
would tremendously improve tissue microfabrication 
The study of the emergence of forms and functions in vitro tissue models is still in its 
infancy. It is likely that those strategies of auto assembly can only reach a limited 
complexity and should be followed by more complex manipulations of the 
microenvironment. The rapid development of complex microfluidic systems, 
microbioreactors and detecting tools allows the long term culture of microscale 
tissues in precisely defined microenvironment. Microbioreactors permit the long term 
culture in controllable and continuous environment using minute amounts of 
biological factors [34] and to include parameters like shear stress, interstitial flow 
[35,36] or gradients of soluble factors [37,38]. They present great possibilities to 
culture microtissues in controlled, heterogeneous environments.  
Mechanisms underlying tissue organization and the development and maintenance 
of tissues architecture and function are highly conserved through organisms and are 
better understood now than two decades ago [39] It appears clearer that, beyond 
genetic regulation, the tissue architecture and microenvironment feeds back to 
promote its development, maintain its integrity and function [40,41]. Thus, to promote 
in vitro tissue developments, of special interest are (i) the creation of multicellular 
architectures prone to remodeling and (ii) strategies and tools to manipulate the 
microenvironment and promote in vitro organization. 
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Tissue Engineering of skin 
The skin is the largest organ in mammals and serves as a protective barrier at the 
interface between the human body and the surrounding environment. It guards the 
underlying organs and protects the body against pathogens and microorganisms. 
Accordingly, it is directly exposed to potentially harmful microbial, thermal, 
mechanical and chemical influences. In the past 25 years, great efforts have been 
made to create substitutes that mimic human skin [43]. These skin substitutes were 
made possible by employing advanced tissue engineering approaches and have 
been used for clinical applications, promoting the healing of acute and chronic 
wounds, or utilized as complex human-based organ-like test systems for basic or 
pharmaceutical research [44]. In skin TE, various biological and synthetic materials 
are combined with in vitro-cultured cells to generate functional tissues (Fig. 7) 
However, besides their use as in vivo grafts, recently, other applications have 
emerged for skin substitutes as in vitro test systems [2] (Fig. 7). In this context, they 
enable not only the investigation of fundamental processes in the skin, but also the 
hazard assessment of various chemical compounds that are topically applied on the 
skin without the need to use animal models. Results gained from experiments 
conducted in animal models are often of limited value due to differences in the 
metabolism and the anatomical architecture compared to human skin. In vitro 
experiments in two-dimensional (2D) monolayer cultures of human cells are also of 
low relevance due to the lack of complex cell–cell and cell–ECM interactions [48]. 
However, tissue-engineered skin substitutes can overcome these problems by using 
human-derived cells that are arranged 
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Fig. 7.:schematic illustration of principles of skin tissue engineering. Primary 
keratinocytes and fibroblasts are isolated from human donor tissues, which are 
then in vitro expanded prior seeding onto suitable scaffold materials/matrices. 
For a full-thickness skin equivalent, the fibroblasts and the matrix are initially 
used to establish the dermal part. The keratinocytes are seeded afterwards on the 
top of the dermis to ultimately form the epidermal part of the skin substitute. The 
in vitro-engineered skin can serve as skin graft or can be used as human-cell 
based in vitro test system.[2] 
 
in a 3D physiological environment, allowing the interaction of the different cell types 
with one another and the surrounding matrix. In basic research, skin substitutes can 
help to elucidate fundamental processes in the skin such as the stimuli that lead to 
the formation of the epidermis [49,50], the molecular cross-talk between different cell 
types [51,52], the maintenance of the stem cells [51], the process of wound healing 
[53], and the infection with different kinds of pathogens [55,56]. One great advantage 
of skin substitutes is that the cellular composition is completely controllable by the 
researcher. Thus, a certain cell type can be specifically integrated or omitted to 
determine the relevance of the cell type in the biological process under investigation. 
To date, many types of skin substitutes have been developed by different groups 
[51,53,54,56–60]. Some of these are commercially available such as Skinethic™ 
RHE, Episkin™ (SkinEthic/ L'Oreal, France), Epiderm™, Epiderm FT™(MatTek 
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Corporation, USA),  EST1000, and AST2000 (CellSytems, Germany) (Table 1). 
These skin substitutes can be classiﬁed in two types. The ﬁrst type consists of 
keratinocytes seeded on a synthetic or collagen carrier simulating only the human 
epidermis (epidermal substitutes). The second type consists additionally of a dermal 
layer of human ﬁbroblasts embedded in various kinds of scaffolds (full-thickness skin 
substitutes) (Fig. 8).  
 
 
Table 1.: commercially available in vitro epidermal and full-thickness skin substitutes.[2] 
 
 
Figure 8.: histological staining of in vivo skin (A) and in vitro-engineered epidermal/dermal 
skin substitute (B). Scale bar equals 20 µm.[2] 
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Epidermal substitutes in vitro model 
The human skin is exposed to a great amount of different chemicals that need to be 
classiﬁed according to their capacity to harm the skin. Utilizing conventional test 
methods, the necessary number of toxicity tests will be extremely time and cost 
consuming. In contrast, skin in vitro models offer a viable and cost-effective 
alternative for the hazard assessments of the substances under REACH (European 
programm for Registration, Evaluation, Authorization and Restriction of Chemicals) 
regulatory. Two living skin equivalent models have been validated according to 
ECVAM regulatory for corrosion testing [86–88]. Unlike the assays for acute 
corrosion, skin irritation tests are more complex and need not only the measurement 
of cytotoxicity, but also of metabolic reactions such as cytokines and enzyme 
release. 
In response to physical or chemical stresses, keratinocytes release various 
substances such as interleukin-1α F(IL-1 α), interleukin-8 (IL-8), tumor necrosis factor 
α (TNF- α), interleukin-6 (IL-6), interleukin-7 (IL-7), and interleukin-15 (IL-15) in vivo 
[55]. Employing in vitro skin substitutes, a dose dependent release of the cytosolic 
enzyme lactate dehydrogenase (LDH) and IL-1α was observed in response to the 
application of various cosmetics [61].  
However many drugs and cosmetics are applied to the skin, but the amount of the 
substances that reach the targeted site remains often unclear. Hence, for the 
cosmetic industry, it is of great interest to have an in vitro system, which can 
determine how much of a cosmetic formula penetrates through the epidermal layer 
into the skin [62]. Penetration assays can thereby help to determine the risk/benefit 
ratio of certain chemicals such as glucocorticoids [64]. Currently, researchers are 
investigating the penetration of substances through artificial stratum corneum (SC) 
[63], epidermal reconstructs [62] and epidermal/ dermal [65] reconstructs. A great 
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advantage of these artificial models is not only that the healthy state of the skin can 
be mimicked, but also that it is possible to simulate diseased states [66]. However, a 
major difference between in vivo skin and skin substitutes is the presence of skin 
appendages such as hair follicles, sweat glands and sebaceous glands. These 
appendages represent openings, which can increase the permeability of the skin. 
Percutaneous absorption of drugs is due to two different routes of passive diffusion. 
The transepidermal diffusion uses an inter- or transcellular pathway across the 
stratum corneum, whereas the transappendageal diffusion follows the route through 
the hair follicles and their associated sebaceous glands [67]. The importance of skin 
appendages and their ability to act as a conduit for drug transport have been 
recognized [68,69] and could be confirmed by experiments on a tissue-engineered 
human skin equivalent with hair [70]. This model was designed from human 
fibroblasts and keratinocytes in which complete pilosebaceous units, obtained by 
thermolysin digestion of hairy skin, were inserted. In a hydrocortisone diffusion test, 
this model could show a significantly increased rate of penetration in comparison to 
the control (skin equivalent with sham hair insertion). The skin is exposed to 
potentially harmful irradiation that can cause serious alterations in the skin. To 
protect the exposed cells, the natural skin is pigmented with melanin that is able to 
absorb harmful UV radiation (UVA and UVB) and can scavenge formed radical 
oxygen species [71]. Melanin itself is produced in melanocytes and distributed to the 
surrounding keratinocytes through dendritic extensions [72]. Hence, the investigation 
of skin reactions to sunlight requires the addition of melanocytes in order to mimic the 
in vivo situation correctly (fig .9) [73]. 
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Figure 9.: epidermal layer in vitro with melanocytes ;(A) Brown appearance of the tissue-
engineered skin containing melanocytes; pigmented spots could be seen; (B) 
DOPA staining of the tissue-engineered skin containing melanocytes, and 
stained with hematoxylin; melanocytes located in the basal layer of the skin 
equivalents. Obvious pigmentation could be seen in the cytoplasm. Scale bar 25 
µm.[73] 
 
By introducing melanocytes into skin substitutes, the natural process of pigmentation 
could be successfully recreated. To protect natural skin in vivo from damaging 
radiation, sun-blocking lotions can be applied topically. To develop improved photo 
protective agents, skin substitutes can be used as easy manageable in vitro test 
systems [74]. The combination of systemically or topically applied drugs together with 
sun irradiation can also result in adverse skin reaction. This phototoxicity can result in 
amplified erythema and inflammatory responses in vivo. To predict the phototoxic 
effects of substances, skin substitutes can be exposed to drugs and UVB irradiation 
in vitro. It has been demonstrated that epidermal skin substitutes are able to 
discriminate between phototoxic and non-phototoxic substances and are thus a 
suitable alternative test method for phototoxicity [75]. 
 
Full thickness in vitro models 
Although the great majority of the skin substitutes used in pharmacological research 
are only composed of an epidermal layer, these skin substitutes could be further 
improved by the addition of a dermal layer containing fibroblasts. In this context, 
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fibroblasts have only recently begun to receive more attention. It was discovered that 
skin fibroblasts are far from being homogeneous and it was speculated that some 
chronic wounds are due to a change in the composition of the fibroblast population 
[76]. Using standard cell culture, it was shown that fibroblasts positively influence 
keratinocyte growth in vitro, most likely due to the fact that these cells secrete soluble 
growth factors [77]. In natural skin, the interaction between fibroblasts and 
keratinocytes plays a major role in processes such as wound healing [78] and the 
formation of the base membrane [79,80]. Using skin substitutes, it was demonstrated 
that fibroblasts play a crucial role in the natural epidermal histogenesis. Without 
fibroblasts, the keratinocyte differentiation is severely affected and results only in few 
layers of highly differentiated epithelial cells [51,52]. Interestingly, keratinocytes have 
also a positive effect on the proliferation of fibroblasts [51]. This interaction of 
epidermal and dermal cells is hypothesized to be due to a double-paracrine 
mechanism that regulates the growth of keratinocytes and fibroblasts [81,82]. 
According to this hypothesis, keratinocytes secrete IL-1 that stimulates the skin 
fibroblasts to secret keratinocyte growth factor (KGF) and granulocyte-monocyte 
colony-stimulating factor (GM-CSF), which in turn positively in"uence the proliferation 
of the keratinocytes. Furthermore, dermal fibroblasts play an essential role in the 
remodeling of the skin, in the contraction of acute wounds [83,84] and they can 
increase the resistances of keratinocytes to toxic chemicals [85]. Based on these 
findings, one could conclude that in order to gain meaningful data from toxicological 
in vitro studies, the isolated focus on a keratinocyte-containing epidermal layer alone 
is not sufficient, making the use of a full-thickness skin model essential. In contrast, 
epidermal substitutes might be more suitable for the determination of the penetration 
coefficient through the skin. In routine in vitro penetration studies (= percutaneous 
absorption testing), a defined area of a skin substitute separates a donor from an 
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acceptor chamber. The leak-proof connection of the skin substitute to the 
experimental setup is important. Collagen-based full-thickness skin substitutes are 
not ideal for such tests since they do not seal the whole surface area due to a low 
mechanic resilience, thus resulting in open edges, through which the substance 
under investigation can openly diffuse. Bell et al. described the first process for 
generating an in vitro test system with a dermal and an epidermal component [84]. In 
this process, allogeneic fibroblasts were seeded into a matrix of bovine collagen type 
I. In order to generate a natural epidermis, keratinocytes were cultured on the surface 
of this matrix at an air–liquid interface [86]. This skin substitute has been used under 
the name Apligraft™ (fig.10) for the treatment of chronic wounds and was marketed 
under the name TESTSKIN™ as an in vitro test system [87].  
To date, different techniques for the formation of a dermal layer ex vivo have been 
described. Fibroblasts are seeded into a hydrated gel of collagen [88], a fibrin gel [89] 
or a scaffold composed of collagen/chitosan/ chondroitin-4–6-sulfates [90]. In another 
approach, high densities of fibroblasts were seeded onto a synthetic membrane. 
Over time, the fibroblasts generated their own matrix, which could then be inoculated 
with keratinocytes to form a skin substitute (self assembly method). The advantage of 
this method is that no cross-species scaffold is needed for the formation of a dermal 
layer. Furthermore, synthetic polymers such as polylactic-co-glycolic acid (PLGA) 
[91], polycaprolactone (PCL) [92], a combination of PLGA/ PCL [93] or PLGA and 
PCL with naturally derived collagen [94] were used to generate the dermal skin layer. 
The advantages of these polymers include a greater mechanic stability and no risk of 
pathogen transfer. However, major pitfalls of these materials are a lack of natural 
adhesion and signaling molecules 
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Figure 10.: Apligraft prosessing 
 
Full-thickness skin substitutes are of great value for the investigation of complex 
dermatological questions, where the molecular crosstalk between the keratinocytes 
and the fibroblasts is crucial. Furthermore, full-thickness skin substitutes are 
necessary for the investigation of processes where the epidermis and the dermis are 
equally involved. In order to test possible immunological reactions on skin, 
Langerhans cells (LCs) can be introduced into full-thickness skin substitutes. The 
function of these specialized dendritic cells (DCs) of the skin is to capture and 
process antigens that come into contact with the skin. LCs reside as immature cells 
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in epidermal niches [95]. Upon binding to an antigen, these cells migrate from the 
epidermis into local dermal lymph nodes. During this migration, the LCs differentiate 
into mature DCs and can present the processed antigen to T-cells in the lymph 
nodes [96]. As reported, first attempts of the integration of epidermal LCs into a skin 
substitute failed and resulted only in round pycnotic cells in the upper layers of the 
epidermis [97]. However, to overcome these problems, researchers integrated non-
differentiated CD34-positive (CD34+) hematopoietic progenitor cells (HPCs) and 
CD34+ HPCs that were differentiated into LCs by granulocyte macrophage growth 
factor and tumor necrosis factor-α (TNF- α), into a pigmented skin substitute [97]. 
The integration of differentiated as well as non-differentiated cell populations resulted 
in suprabasally located cells that exhibited LC typical markers. These results 
provided evidence for the influence of the keratinocytes in the LC differentiation from 
CD34+ HPCs [97] [92]. In another approach, epidermal biopsies were placed directly 
onto a dermal substitute of collagen and fibroblasts. The epidermal keratinocytes and 
the LCs migrated out of the biopsies and covered the dermal compartment. After 
culture on an air–liquid interface, a functional epidermis was formed that contained 
LCs with an immature phenotype. To simulate the early contact with an allergen, 
these skin substitutes were treated with the LCs promoting GM-CSF and the 
immunosuppressive agent cyclosporine-A (SC-A). GM-CSF was found to increase 
the migration, but not the density of the LCs, whereas SC-A did not influence the 
density of immature LCs [98].  
In vitro skin models are currently employed for identifying skin corrosive or -toxic 
substances and have been proven to be very useful tools for the investigation of 
basic developmental processes as well as for the identification of pathological 
conditions. Although the design of the epidermal and/or dermal layer-mimicking in 
vitro skin substitutes is today nearly state-of-the-art, there are clearly differences 
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between these models and native in vivo skin [99]. Future developments in in vitro 
skin substitutes should include the addition of skin appendages. The integration of 
sweat glands or hair follicles will help to mimic a more realistic in vivo situation, thus 
offering a more correct experimental setup. 
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Chapter 2 
Microscaffold degradation rate affects the assembly of de 
novo synthesized ECM in a 3D Dermis equivalent in vitro 
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INTRODUCTION 
One of the most challenging issues of cell-based tissue engineering is the implementation of 
strategies to successfully culture large construct in vitro mimicking the natural tissue 
organization. To reach this aim recent efforts have been concentrated on bottom-up tissue 
fabrication methods [1] using both scaffold-free [2-5] and scaffold-based micro-modules as 
building blocks [6-12] to generate a larger 3D tissue construct. However, while many studies 
focused their attention on the molding capability of building blocks [5-6, 8-10], at best of our 
knowledge few efforts have been spent to reach a deep understanding of their role in ECM 
organization as well as collagen assembly of the 3D tissue resulting by their bio-sintering. 
Scaffold free building blocks have been successfully used for the in vitro bio fabrication of 
high cell dense biological structure such as cardiac muscle and blood vessels [3-5]. 
Nevertheless some cell types are unable to produce sufficient ECM, migrate or form cell-cell 
junction when cultured without the guidance and signaling provided by the scaffold surfaces 
[1]. To address this challenge cells have been mixed with natural or artificial hydrogel or 
seeded on microcarriers to form modular tissues of specific geometries and mechanical 
properties. In this context, cell-laden hydrogel resembled the architecture of the target tissue 
at micron-scale, but scaling up the production to tissue level dimensions has not been 
proven yet [1,6]. On the contrary, a long time culture of 3D engineered tissue rich in 
endogenous ECM have been performed by molding cell-seeded microbeads [10-12]. Indeed 
this kind of scaffold-based building block, produced in order to be provided by cell-derived 
ECM layer essential for the cells to grow and differentiate in a tissue like environment, 
biologically fused in a 3D tissue equivalent under appropriate culture conditions. In this 
fashion, our has develpoed [11] a versatile strategy yielding 3D dermal tissue constructs of 
defined size and geometry by means of the biological sintering of cell seeded microscaffold 
so-called microtissue precursors (TPs). Since TPs were shown to spontaneously 
aggregate in a stable manner, a 3D viable tissue formation strategy based on the assembly 
of TPs was proved feasible. Furthermore, we assessed that dynamic process conditions 
optimized in order to promote and to control the assembly of de novo deposited ECM lead to 
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the realization of a 3D dermal equivalent having mechanical properties close to bovine 
native dermis [12]. In this chapter the role of microscaffold properties in providing guidance 
to direct tissue morphogenesis has been investigated. To reach this aim we tuned the 
stiffness and degradation rate of the gelatin microscaffold by varying their crosslinking extent 
and assessed their different sensitivity to MMPs activity. As consequence each formulation 
of microscaffold realized, dynamically seeded with human dermal fibroblast, generated 
Human Dermal TP (HD-TP) having different features. We hypothesized that collagen 
deposition and in particular its assembly during the bio sintering process is strongly related 
to the evolving micro-scaffold properties, generating large dermal like tissue with different 
ECM composition. To reach this aim gelatin porous microcarriers were crosslinked with 
different concentrations of glyceraldehyde obtaining microscaffolds characterized by 
different stiffness and metalloproteinase’s-mediated degradation kinetics. Human dermal 
fibroblasts (HDF) were dynamically seeded on each microscaffold formulation in order to 
realize HD-TP having different features. To investigate the role of HD-TP, and indirectly of 
the microscaffold, on the maturation of the 3D tissue equivalent, the micromodules realized 
have been used as building blocks for the fabrication of the corresponding macrotissue. 
 
MATERIALS AND METHODS 
Microscaffold production 
Preparation of porous gelatin microbeads 
Gelatin porous microbeads (GPMs) have been prepared according to a modified 
double emulsion technique (O/W/O) [13]. Gelatin (type B Sigma Aldrich Chemical 
Company, Bloom 225, Mw=l 76654 Dalton) was dissolved into 10 ml of water 
containing TWEEN 85 (6% w/v) (Sigma Aldrich Chemical Company). The solution 
was kept at 60°C. Toluene containing SPAN 85 (3% w/v) (Sigma Aldrich Chemical 
Company) was continuously added to the aqueous gelatin solution (8 % w/v) to 
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obtain primary oil in water emulsion. The added toluene formed droplets in the 
gelatine solution until saturation. Beads of gelatine containing droplets of toluene 
were produced through the addition of excess toluene (30 ml). The overload of 
toluene allowed the obtaining of a double emulsion (O/W/O). After cooling below 
5°C, 20 ml of ethanol was added to extract toluene and stabilize GPMs. The 
resulting microspheres were filtered and washed with acetone and then dried at 
room temperature. Microspheres were separated selectively by using commercial 
sieves (Sieves IG/3-EXP, Retsch, Germany). GPMs with 75-150 m size range were 
recovered and further processed. After sieving the number of microcarriers per 
milligram was determined by counting microbeads in cell culture dish (w/2 mm grid 
Nunc). Finally the microbeads morphology has been examined by means of 
Scanning Electron Microscopy (SEM). 
 
Crosslinking of GPM 
GPMs have been stabilized by means of chemical treatment with glyceraldehyde 
(GAL), in order to make them stable in aqueous environment at body temperature. In 
particular, GPMs were dispersed into acetone/water solution containing different 
amounts of GAL and mixed at 4°C for 24 h. Then microspheres were filtered and 
washed with acetone and dried at room temperature. The amount of crosslinks 
introduced during the stabilization step and the degradation rate of the gelatin 
microbeads have been modulated by varying the percentage of the crosslinking 
agent (GAL). Three different amounts of glyceraldehyde (3%, 4% and 5% w/w of the 
microbeads) have been used to obtain microbeads with different crosslinking 
degrees.  
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In vitro enzymatic degradation of GPM  
Enzymatic degradation of the crosslinked GPM was performed using collagenase (Sigma 
Chemical Co.) with an activity of 0.250 U/mg solid. Degradation of GPM without collagenase 
was used as a control. Moreover degradation of commercial highly crosslinked gelatin 
microbeads (Percell Biolytica AB, Astorp, Sweden) was evaluated too. Triplicate samples of 
dry microspheres for each time point were weighted (W1) and then well immersed in a 0.001 
U/mL and 4g/ml collagenase solution (pH 7.5) and incubated at 37°C. Degradation of GMP 
was discontinued at five time points (60, 90, 120, 150 and 180 min), by withdrawn the 
surnatant collagen solution, and adding ethanol solution to dry microspheres. The weight 
loss of GPM due to degradation with or without collagenase was quantiﬁed as follows:  

Weight loss (%) =
(W1 W2)
W1 *100
 
where, W2 is the weight of degraded GPM at each time points after dehydratation by means 
of an incremental series of ethanol solutions (75%, 85%, 95% and 100%, and 100% again, 
each step 20 min at room temperature) and dried in oven at 45°C for 2 days. Successively, 
the morphology of GPM after enzymatic degradation was grossly examined using a 
scanning electron microscope as described above. 
 
Scanning electron microscopy (SEM) 
SEM was performed to analyze both the morphology of naked microbeads and microbeads 
after collagenase treatment. The former didn’t need any dehydratation process so they were 
mounted onto metal stubs using double-sided adhesive tape and then gold-coated using a 
sputter coater at 15 mA for 20 min. Coated samples were then examined by scanning 
electron microscopy (SEM) (Leica S400). The latter needed to be dehydratated at the end of 
collagenase treatment, the dehydratation was carried out by gradually decreasing the water 
concentration and increasing the ethanol concentration (75%, 85%, 95% and 100%, and 
100% again, each step 20 min at room temperature). Finally the samples were treated 
following the procedure explained above for dried samples. 
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HD-TP 
Dynamic cell seeding 
Human dermal ﬁbroblasts (neonatal HDF 106-05n ECACC) were sub-cultured onto 150 mm 
Petri dishes in culture medium (Eagle’s BSS Minimum Essential Medium containing 20% 
fetal bovine serum, 100 mg/mL L-glutamine,100 U/mL penicillin/streptomycin, and 0,1 mM 
Non Essential Amino Acids). Cells were maintained at 37°C in humidified atmosphere 
containing 5% CO2. HDF of passages 6-12 and GPM crosslinked at 3%, 4% and 5% (3% 
GPM, 4% GPM, 5% GPM) have been used for all experiments. Before using dry GPM were 
sterilized by absolute ethanol sub-immersion for 24h. Successively to remove completely the 
ethanol several washings in calcium-free and magnesium-free phosphate-buffered saline 
(PBS) were performed. Before cell seeding PBS was removed and replaced with the culture 
medium. HD-TPs cultivation was initiated by inoculating HDF at 10 cells bead−1. Paralle 
experiments were performed for seeding HDF on 3% GPM, 4% GPM and 5% GPM 
corrispondetly three types of HD-TP were performed named 3% HD-TP, 4% HD- TP and 
5% HD- TP. The culture suspension was stirred intermittently at 30 rpm (5 min stirring and 
30 min static incubation) for the ﬁrst 6h post-inoculation for cell adhesion, and then 
continuously agitated at 30 rpm. The growth medium was replenished on the first day and 
every 2 days until the end of experiments (9 days in total). From the day 4th 50g/ml of 
ascorbic acid was added. HD-TP samples were taken for assay at day 1, 3, 6 and 9.  
 
Cell adhesion and proliferation assay 
The rate of disappearance of free cells from inoculated microcarrier cultures was determined 
as an indication of cell attachment to microcarriers. During the intermittent stirring phase 
culture sample (500 l) was taken each hour and allowed to settle for 1 min in an Eppendorf 
tube. The microcarrier-free supernatant was introduced into a hemocytometer for cell 
counting. After counting the free cells in the medium with a hemocytometer, the number of 
cells adhering to microbeads (cell / microbead ratio) was evaluated. About 1ml aliquots were 
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collected at day 1,3,6 and 9 from spinner culture for the cell adhesion assay on the 
microcarriers. Brieﬂy, 300 l of the same aliquots was transferred to a cell culture dish (w/2 
mm grid Nunc) for microcarrier counting, experiments were performed in triplicate. After that 
the microcarriers suspension was placed in the 1,5ml eppendorf tube, gently washed twice 
with PBS, and then treated with trypsin solution to allow cell harvesting. Finally, the 
detached cells were counted using a hemocytometer. 
 
Cell viability and ECM morphology  
Over the entire dynamic cell culture period in spinner flask, 1 ml aliquots were collected at 
day 1,3,6 and 9 for cell viability as well as ECM morphology during HD-mTP formation and 
evolution. To this aim samples were investigated by Confocal Leica TCS SP5 II combined 
with a Multiphoton Microscope where the NIR femtosecond laser beam was derived from a 
tunable compact mode-locked titanium:sapphire laser (Chamaleon Compact OPO-Vis 
,Coherent). Cell viability, proliferation and morphology in the HD-TP were assessed by 
staining the samples with phalloidin tetramethylrhodamine B isothiocyanate (Sigma-Aldrich) 
and SYTOX® Green (INVITROGEN) the former stains the cell’s cytoskeleton the latter cell’s 
nucleic acid. For both analysis, the HD-TP were ﬁxed with 4% paraformaldehyde for 20 min 
at room temperature, rinsed twice with PBS buffer, and incubated with PBS-BSA 0.5% to 
block unspeciﬁc binding. For actin microﬁlaments and nucleus detections, after fixation, the 
samples were stained with phalloidin tetramethylrhodamine B isothiocyanate (phalloidin) and 
SYTOX® Green respectively. In particular the samples were incubated with SYTOX® Green 
stock solution (10 mg/mL in dimethyl sulfoxide) diluted in PBS (1/500 v/v) for 10 min at 37°C, 
and after rinsing in PBS, they were stained with phalloidin for 30 min at room temperature. 
Moreover two-photon excited fluorescence has been used to induce second harmonic 
generation (SHG) and obtain high-resolution images of unstained collagen structures in 
TPs’ ECM. Indeed the samples were observed in order to highlight the simultaneous 
excitation of the two different fluorophores used (SYTOX® Green λex 504, λem 523nm; 
phalloidin λex=540-545 nm, λem=570-573 nm) as well as to induce Second Harmonic 
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Generation (SHG) (λ=840nm). Moreover, for histological analysis at day 4 from the 
beginning of dynamic cell seeding, 1 ml of HD-TP suspension was ﬁxed in a solution of 
10% neutral buffered formaline for 24 h, dehydrated in an incremental series of alcohol 
(75%, 85%, 95% and 100%, and 100% again, each step 20 min at room temperature) 
treated with xylene and then embedded in paraffin. Successively, the samples were 
sectioned at a thickness of 6µm, and stained with hematoxylin and eosin, finally the sections 
were mounted with Histomount Mounting Solution (INVITROGEN) on coverslips and the 
morphological features of constructs were observed with a light microscope (Olympus, 
BX53).  
 
Transmission electron microscopy (TEM) 
TEM was performed to observe cells and collagen in the HD-μTP at different time point. HD-
μTPs were ﬁrst ﬁxed with 2.5% glutaraldehyde (Sigma-Aldrich) in sodium cacodylate buffer 
0.1 M (pH 7.2), washed with sodium cacodylate buffer and then ﬁxed with 1% aqueous 
osmium tetroxide (Electron microscopy sciences, USA). Afterwards, the samples were 
dehydrated in a graded series of ethanol (Sigma-Aldrich), block contrasted with 1% uranyl 
acetate (Merck, Germany) and embedded in EMbed 812 (Electron microscopy sciences, 
USA). The prepared ultra-thin sections (65 nm) were contrasted with 0.3% lead citrate 
(Merck, Germany) and imaged with a Philips CM12 transmission electron microscope at an 
accelerating voltage of 80 kV.  
 
3D dermal equivalent 
HD-TP molding  
As previously described [12] HD-μTPs suspension was transferred from the spinner ﬂask to 
a 50 ml Falcon centrifuge tube and, after settling, transferred by pipetting into the maturation 
chamber to allow their molding in disc-shaped construct (1 mm in thickness, 10 mm in 
diameter). During the filling procedure, the maturation chamber was accommodated on a 
device connected with a vacuum pump to make the process faster and to assure that any 
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bubble was in the maturation space. Finally the assembling chamber was placed on the 
bottom of a spinner ﬂask and completely surrounded by culture medium. The spinner was 
operated at 60 rpm and the medium was exchanged every 3 days. Depending upon the HD-
μTPs used as building block the resulting dermal tissue equivalent was named 3% biohybrid, 
4% biohybrid or 5% biohybrid. 
 
3D dermal equivalent biohybrid characterization 
Cell distribution  
Cell distribution along the biohybrid’s thickness was assessed by analyzing 4',6-diamidin-2-
fenilindolo (DAPI) stained sections of biohybrid. At each time point the assembling chamber 
was opened and the biohybrids were fixed in a solution of 10% neutral buffered formaline for 
24 h (see Cell viability and ECM morphology of HD-μTP). After the fixation and 
dehydratation procedure the biohybrid was embedded in paraffin to be sectioned 
transversally to the circular surface. The DAPI stock solution (10 mg/mL in dimethyl 
sulfoxide) was diluted in PBS (1/104 v/v) and the samples incubated for 10 min at 37°C. 
Samples were then rinsed three times with PBS and observed by an inverted ﬂuorescence 
microscope (IX81; Olympus), using a 4x objective. The obtained images were then analyzed 
by using an image analysis software (Image J®) to quantify the spatial distribution of the 
cells into the different portions of the biohybrid, similar to the method described by Salerno 
et al. Brieﬂy, each image was organized in three equal vertical zones, EDGE, CENTRE, and 
EDGE, subsequently, the number of cell nuclei in each portion was measured by using 
Image J®. These values were then divided by the overall cell number in the whole cross 
section for the quantiﬁcation of the HDF spatial organization and to assess that any necrotic 
centre exists. The frequency number of cells in each zone was evaluated. Five images for 
each sample were used for the analysis.  
 
ECM morphology and composition 
ECM composition and morphology along the biohybrid’s thickness were assessed by 
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performing histological analysis on transverse sections of biohybrid. 
5mm transverse sections of samples were stained using hematoxylin-eosin (Bio Optica) 
solutions, Masson’s trichrome (Sigma Aldrich) and Picro Sirius Red (PSR) (Sigma Aldrich) 
following standard procedure and analyzed by an optical microscope (BX53; Olympus). 
Moreover histological sections from adult human skin (from breast reduction surgery) 
stained with PSR were ulteriorly observed by using polarized microscope. Polarized light 
images of samples stained with PSR alone were acquired with an inverted microscope 
(BX53; Olympus) with a digital camera (Olympus DP 21). A linear polarizer was placed 
between the light source and the specimen, while the analyzer was installed in the light path 
between the specimen and the camera. It is known that the color of collagen ﬁbers stained 
with picrosirius red and viewed with polarized light depends upon ﬁber thickness; as ﬁber 
thickness increases, the color changes from green to red [14,15]. To quantitatively 
determine the proportion of different colored collagen ﬁbers, we resolved each image into its 
hue, saturation and value components by applying the software’s “color threshold” function. 
Only the hue component was retained and a histogram of hue frequency was obtained from 
the resolved 8-bit hue images, which contain 256 colors. We used the following hue 
deﬁnitions; red 0-51, green 52-120 [14,15]. The number of pixels within each hue range was 
determined and expressed as a percentage of the total number of collagen pixels, which in 
turn was expressed as a percentage of the total number of pixels in the image. The analysis 
of ﬁber content and hue was applied to 20 PSR stained sections of each type of biohybrid at 
each time points, and about 5 region of interest (ROI) were examined for each section. 
Since the aim of imaging analysis was to investigate the evolution of endogenous ECM 
composition, it was necessary to exclude by ROI the areas occupied by the microscaffold 
when it was still present. This condition was verified only for the 5% biohybrid at each time 
point. For this reason in this sample the ROI appears irregular depending by the local 
arrangement as shown in figure 6a. Otherwise since only endogenous ECM are present in 
3% as well as 4% biohybrid, ROI rectangular-shaped were randomly placed within the 
images. Since the 4% biohybrid was subjected to contraction with culture time, the ROI was 
- 52 - 
 
decreased proportionally to contraction. In this way it was avoided the “convective” transport 
of pixels within the ROI. 
 
SHG imaging and ultra-structure analyses 
SHG imaging were performed using a Confocal Leica TCS SP5 II femtosecond laser 
scanning system (Leica), coupled to a tunable compact mode-locked titanium:sapphire laser 
(Chamaleon Compact OPO-Vis ,Coherent). All observations were made using unprocessed 
and untreated biohybrid just withdrawn from the maturation chamber. SHG was induced 
using wave-lengths of 840 nm (collagen) as described previously. Following imaging 
samples were processed for TEM analysis as described earlier. 
 
RESULTS AND DISCUSSIONS 
Bottom up strategy and tissue assembly 
In this study, a bottom-up approach was exploited to build up 3-D tissue constructs in vitro 
by using µTPs as functional building units. The process philosophy is schematized in figure 
1. The optimized dynamic culture conditions used, coupled with sub-millimetric nature of the 
μTP, represent important features of this approach and allowed overcoming the transport 
limitations and enabled the massive production of viable and functional micrometric building 
block for bottom up tissue engineering application. Moreover, a particular attention it has 
been addressed to the role of micro-scaffold on the composition, organization and 
maturation of de novo synthesized ECM in the 3D human dermal equivalent tissues realized. 
To this aim, porous micro scaffolds (GPM) with different stiffness as well as different 
degradation kinetics have been produced by means of a modified double emulsion method 
[13] and used as microscaffold for HDF seeding in dynamic culture, in order to produce TP 
having different properties. We tuned the degradation rate of GPM by changing the 
crosslinking extent (3% GPM, 4% GPM, 5% GPM) and assessed their different sensitivity to 
MMPs with collagenase treatment. 
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Figure 1A.: Scheme of the bottom-up process  
 
As expected [11], the dynamic process conditions used for the production of HD-μTPs 
guaranteed both high seeding efficiency (95%) and high proliferation rate since the cells 
increased of 10 times in nine days of spinner culture. We have taken advantage of this 
condition to start the process by using smaller amount of cell compared with other 
techniques [10-12]. However, the dynamic spinner culture exploited to produce HD-μTP, 
was not a mere cell expansion phase, but a process in which cells underwent stimuli crucial 
for the production of functional building blocks. In particular, the addiction of ascorbic acid to 
the culture medium increased the proliferative rate and stimulated the synthesis and the 
secretion of appropriate ECM components [16]. Moreover, optimized dynamic culture 
conditions coupled with sub-millimetric nature of the μTP allowed overcoming the transport 
limitations and enabled the massive production of viable and functional micrometric building 
block for bottom up tissue engineering application 
 
Microscaffold production and characterization 
SEM micrographs revealed that the GPMs prepared by the modified double emulsion 
method showed a good sphericity and a highly porous surface (Fig.2A, B). Interconnected 
pores about 20 mm in diameter were distributed uniformly both on the whole surface and in 
the bulk of GPM. Three different percentages of crosslinker (GAL) have been explored for 
stabilizing gelatin (3% GPM, 4% GPM and 5% GPM). As detected by SEM micrographs the 
presence of the GAL didn’t induce any change in 5%GPM macroscopic morphology 
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compared to the untreated one (Fig.2A, B), the same behavior has been observed for 
3%GPM as well as 4%GPM (data not show).In vitro enzymatic degradation of GPM has 
been performed by means of collagenase and as shown by the fig. 1C GPM’s weight loss 
was a function of time as well as percentage of crosslink. After one hour the 3 % GPM lost 
about 80% of their mass, 4% GPM about 60% and 5% GPM about 30%. At the end of the 
time slot (3 hours) 3% GPM and 4% GPM lost all their masses, while 5% GPM lost about 
60% of their initial mass.  
 
 
Figure 2.: GPM’s morphology and degradation. SEM micrographs of 5%GPM (A) and w/o GAL (B). 
Time evolution of weight loss (C) of 3%GPM (full circle), 4%GPM (full square), 5%GPM 
(empty circle), and commercial GPM (empty square). SEM micrographs of 5%GPM (D), 
4%GPM (E), 3%GPM (F), after 120 minutes under MMPs treatment. At same time point, 
the corresponding H&E for 5%GPM (G), 4%GPM (H), 3%GPM (I). Sale bar is 20µm for 
SEM micrographs and 100mm for H&E images 
 
Any weight loss has been assessed for commercially available gelatin microcarriers (Percell) 
as well as for GPM treated with PBS without collagenase (data not show) within the time 
frame analyzed. The effect of degradation was qualitatively confirmed by means of 
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morphological inspection of the GPM after each time point of the enzymatic degradation 
assay. In the figure 2 SEM (Fig. 2D-F) as well as histological analyses (Fig. 2 G-I) of GPM at 
the second time point (90 min) of degradation assay are reported. The images showed the 
change in morphology of the GPM. In particular, the picture highlighted that the degradation 
due to the collagenase’s effect was more evident at lower crosslink degree. Indeed at the 
same time point 3%GMP completely lost its initial morphology in terms of sphericity and 
porosity, while this effect was less evident as crosslinking extent increases. Lastly, the 
number of dry microcarriers per milligram was determined to be 5*103 beads/mg and was 
evaluated in order to control the cell/microcarriers’ ratio at the inoculum step of the spinner 
culture, as described below.  
 
HD-μTP evolution and characterization  
Cell adhesion and proliferation 
The spinner ﬂask was loaded with 105cell*ml-1 and 2mg*ml-1 of microbeads, corresponding to 
10 cells per bead. The ﬁrst 6 h of the seeding phase were characterized by intermittent 
stirring to improve the cell-to-bead distribution and to obtain a lower proportion of 
unoccupied beads [17]. The disappearance of free cells from the inoculated spinner cultures 
was considered to indicate the attachment of cells to the microcarriers. In the figure 3A is 
reported the seeding efficiency calculated as [(C0-Ct)*100]/C0 where C0 is the concentration 
of the HDF at the inoculum time and Ct the concentration of the HDF in the culture medium 
at each hour of the intermittent seeding phase of spinner culture. It was possible to observe 
that seeding efficiency was not influenced by crosslinking degree, indeed at the end of the 
intermittent stirring the seeding efficiency was ≈95% for all three GPM’s crosslinking extent. 
Moreover, the cell adhesion as well as cell proliferation during the spinner culture were 
evaluated at day 1, 3, 6 and 9. In the figure 3B was reported the cell/microbead ratio 
increasing up to ≈ 100 cell*bead-1. Any relevant difference in cell adhesion and proliferation 
has been noted for the three kinds of GPM during the whole spinner culture. At the same 
time points transmission electron micrographs of ultrathin sections of colonized GPM 
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highlighted the different phases of cell attachment and collagen deposition (Fig. 3C-F). At 
day one a cell of round shape just settling onto the GPM surface is shown (Fig. 3C) as the 
time increases cell started to adhere and spread onto GPM surface (Fig. 3D). At 6 day of 
spinner culture (Fig. 3E) it was observed a multilayer of cells well adhered to each other and 
to microbeads surface.Cells inserted in the superficial pores of microbeads can be observed. 
Finally the last image (Fig. 3F) shows a layer/multilayer of cells embedded within collagen  
 
Figure 3.: growth of HDF on GPM. Cell seeding efficency (A) and cell proliferation (B) of HDF on 
5%GPM (empty circle) 4% GPM (full square), 3% GPM (full circle). TEM micrograph of 
HDF behavior on 5%GPM at day 1 (C) scale bar is 750nm, day 3 (D) scale bar is 750nm, 
day 6 (E) scale bar is 500nm and day 9(F) scale bar is 250nm. 
 
Cell viability and ECM morphology 
The figure 4 reported the multichannel images of 3% HD-μTP, 4% HD-μTP and 5% HD-μTP 
at 3, 6 and 9 days of spinner culture highlighting cell’s nuclei (green), cell’s cytoskeleton 
(red) and unstained collagen (gray). Images showed the time evolution of μTP in terms of 
cells number increase, collagen deposition and cell-seeded GPM aggregate formation. In 
the first column the image of HD-μTP at 3 days of culture is reported and as expected few 
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cells are present and someone occupied the pores of the GPM but any signal of collagen 
presence has been detected. 
 
 
Figure 4.: multiphoton images of HD-µTP. Three channels images of HD-µTP at 3, 6 and 9 days and 
SHG image at 9 days of spinner culture of 3% HD-µTP (A-D), 4%HD-µTP (E-H) and 5%HD-
µTP (I-N) respectively. Cell nuclei in green, actin in red, SHG collagen signal in gray. 
Scale bar is 100µm 
 
Moreover the GPM’s morphology appeared quite similar for the three crosslinking extent. By 
the sixth day the GPM morphology changed depending on the GPM’s crosslinking degree. 
However the cells number increased with culture time as well as the neo-ECM deposition 
that works as glue among the single cell seeded GPM. Nevertheless, at 6 days of culture the 
SHG signal is quite weak indicating that the collagen deposition is low. In the third column 
the image of sample at the last day of spinner culture are shown. Both in 5% HD-μTP and in 
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4% HD-μTP it is possible to distinguish the single GPM that maintain the initial morphology, 
otherwise in the 3% HD-μTP the GPM porosity appeared collapsed and it is impossible to 
distinguish the single GPM. Finally in the last column only SHG multiphoton confocal images 
of all three kinds of HD-μTP at 9 days of spinner culture were reported showing a stronger 
collagen signal for all three formulation. Moreover confocal images highlighted that the 
morphology of HD-μTPs and their ECM organization depended upon the GPM’s crosslinking 
extent. In general for each kind of HD-μTP as the time increased we observed cell 
proliferation, HD-μTPs aggregation, HD-μTP remodeling and ECM rich in collagen 
deposition as highlighted by SHG images (Fig. 4 D, H, N). In particular when the 3% GPM 
are used the HD-μTP are subjected to a strong contraction due to less stiffness of the GPM 
associated with their great deformability. At the same time when the GPM’s cross-linking 
extent increased, stronger SHG signal in HD-μTP was detected (Fig. 4 D, H, N). This 
phenomenon can be explained by the different stiffness of the substrate that affecting gene 
expression of cytoskeleton proteins can regulate the morphology as well as the collagen 
synthesis of the cells [18].The images show that extensively elongated cells with stretched 
actins bridged the adjacent GPM together and indicated very strong cell-GPM interactions 
 
3D dermal equivalent  
Macroscopic analyses  
The maturation space was disk shaped (1 mm in thickness, 10 mm in diameter) inserted in a 
dynamic environment allowing tangential flow that guarantee optimal nutrient supply and 
waste removal through the maturation space during the culture time. Three kinds of dermal 
equivalent tissues have been realized starting from 3%-HD-μTPs, 4%-HD-μTPs and 5%-HD-
μTPs as building blocks respectively. Three culture times have been explored 2, 4 and 6 
weeks. At each culture time, morphological inspection, cell viability, collagen deposition as 
well as collagen maturation index have been evaluated. As shown in the figure 5B biohybrid 
obtained by assembling 3% HD-μTPs (3%biohybrid) is subjected to a strong contraction at 2 
weeks of maturation culture, so any further culture time has been explored. The image of 
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biohybrid obtained by assembling 4% HD-μTPs (4%biohybrid) and 5% HD-μTPs 
(5%biohybrid) at 2 and 6 weeks of culture are reported in the figure 5C,D and figure 5E,F 
respectively. At 2 weeks of culture it was evident by the image that both the 4% and 5% 
biohybrid retained the disc shape of the mold, are compact and can be handled without any 
damage. At 6 weeks of culture while the 5% biohybrid retained shape and thickness the 4% 
biohybrid is subjected to a thinning. 
 
 
Figure 5.: HD-µTP molding and tissue releasing. Molding 5%HD-µTP in maturation chamber (A), 
Macroscopic view of 3% Biohybrid at 2 weeks of culture (B), 4% Biohybrid at 2weeks of 
culture (C), 4% Biohybrid at 6 weeks of culture (D), 5% Biohybrid at 2 weeks of culture 
(E), 3% Biohybrid at 6 weeks of culture (F), scale bar is 1 cm. Tissue equivalent’s 
collagen morphology: SHG image at 6 weeks of 5% biohybrid (G) and 4% biohybrid (I) 
respectivEly, asterisk indicates a GPM still present in 6% biohybrid, scale bar is 100µm. 
TEM micrograph showing collagen organization at 6 weeks in 5% biohybrid (H) and 4% 
biohybrid (L) respectively, scale bar is 200nm. 
 
Microscopic analyses  
In the figure 5G-l representative images of collagen fibers of 4% biohybrid as well as 5% 
biohybrid at 6 weeks of culture are shown. It is known that collagen fibers produce high SHG 
signal that can be used to measure their organization and the strength of signal is directly 
correlated to the degree of collagen maturation [18,19]. For this reason SHG imaging of the 
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collagen network was investigated by exploiting multiphoton microscopy with the advantage 
of fast in situ visualization of collagen fibers in intact, non fixed and non-sliced biohybrid 
tissues (Fig. 5 G, I). The figure 5G and 5I reported the SHG images of 5%biohybrid and 
4%biohybrid respectively, the signal was strong in both images, anyway in the former the 
collagen fibers appear better organized in collagen bundle. In order to gain information on 
the ultrastructure, the same samples were ﬁxed, embedded, sliced and stained, followed by 
TEM (Fig. 5 H,L). The TEM images of both the sample (Fig.5 H, L) show that collagen is 
correctly assembled in fibrils, which display the characteristic banded pattern (i.e. 67nm). 
The fibril diameter is of the same order of magnitude of that one found in native tissues 
about 20-30 nm. Anyway TEM image of 5% biohybrid confirms that collagen fibrils within the 
sample are closely packed while in the 4% biohybrid they appear fine and randomly 
organized so it isn’t possible to discern higher order structures like fiber bundles. In figure 6 
histological images (Masson Trichrome) concerning all kinds of biohybrids at each time point 
(i.e. 2, 4, and 6 weeks) are reported. In fig 6(A-C) cross section of 5% biohybrid at each time 
point are reported. From the images it is possible to see that collagen (in blue) is present 
along the whole thickness up to 6 weeks of culture, any necrotic regions are present and 
microbeads (in purple) are still present at the end of culture time.  Any significant change in 
thickness has been observed. In figure 6 (D-F) cross section of 4% biohybrid at each time 
point are reported. It is possible to assess that microscaffold degradation took place at 2 
weeks of culture and the biohybrid was made up principally by endogenous material. 
Relevant differences could be assessed with culture time, indeed in this case the biohybrid’s 
thickness changed over the time showing a thinning of 75% at 6 weeks, indicating that while 
the microbeads degradation is taking place the biohybrid is subjected to a contraction 
process even if new collagen is synthesized. It is interesting to highlight that after the second 
weeks of culture the tissue is completely made-up of endogenous ECM. 
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Figura 6.: histological analyses. Masson trichrome stained cross section of 5%biohybrid at 2 
weeks (A) scale bar is 200µm, 4 weeks (B) scale bar is 200m, 6 weeks (C) scale bar 
is 200m; 4%biohybrid at 2 weeks (D) scale bar is 200m, 4 weeks (E) scale bar is 
100m, 6 weeks (F) scale bar is 100m; 3%biohybrid at 2 weeks(G) scale bar is 
100m.  
 
Finally, the figure 6H shows that 3%biohybrid was subjected to a very strong and rapid 
contraction (around 90%) before arriving at 2 week of culture, but the tissue, as in the case 
of 4% biohybrid, is completely made-up of endogenous components. Similar observations, 
can be made by analyzing the H/E histology (data not show). It is possible to establish that 
depending upon the type of μTP used as building block the resulting biohybrid changed 
strongly its macroscopic aspect as well as ECM morphology (Fig. 5 B-F; Fig. 6 A-H). In 
particular the difference found in biohybrid can be correlated with the different initial 
stiffness, degradation kinetics, as well as MMPs sensitivity of the microscaffold (GPM) used 
to produce the HD-μTP. Indeed when the less degradable microscaffold (5% GPM) is used 
the biohybrid retained its shape and thickness until the sixth weeks of culture and GPM were 
still present (Fig. 6 A-C). By using the most degradable microscaffolds (3% GPM) the 
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biohybrid lose both thickness and shape at two weeks of culture (Fig. 6H), whilst using 4% 
GPM the corresponding biohybrid shown an intermediate behavior (Fig. 6 D-F): it was 
completely made up by endogenous ECM just after two weeks of culture and it was more 
stable than 3% biohybrid retaining its shape for longer time. This is probably due to more 
packed collagen fibers that hinder contractile action exerted by cells. Indeed, by 
investigating the micro as well as ultra-structure of 4% and 5% biohybrid (Fig. 5 G-L) it was 
possible to observe some interesting differences about collagen maturation and 
organization. Indeed, SHG images of 5% and 4% biohybrid confirmed that in the former 
collagen was more packed than in the latter, this condition was ulteriorly confirmed by ultra-
structure analyses performed by TEM (Fig. 5). At the light of these results it is conceivable to 
hypothesize that microscaffold play a crucial role in guiding and sustaining the organization 
of de novo synthesized ECM. Therefore the contraction of the biohybrid was due not only to 
the disappearance of the microscaffold, but to the lack of an organized and mature ECM 
able to sustain biohybrid shape and thickness while microscaffold degradation took place. 
However, due to the very strong contraction of the 3% biohybrids, only 4% biohybrids and 
5% biohybrid have been analyzed. In figure 7, DAPI’s stained section of biohybrid showed a 
uniform cell distribution along biohybrid thickness at each time point.  
Indeed, by subdividing the biohybrid in three distinct zones (edge, center, edge) the cell 
frequency in each section appeared constant and it did not change over time (table 1). This 
result suggests that the process condition guaranteed culturing of 3D tissue equivalent 
without cell necrosis up to 6 weeks 
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Figure 7.: DAPI staining. Nuclei distribution in cross section of 5%biohybrid (A) and 
4%biohybrid (B).  The dotted line indicated the ROI in which the nuclei were 
counted. Table 1.: Cell’s frequency in each part of biohybrid has been calculated. 
Data have been reported as mean ± SD. 
 
ECM maturation analyses 
Picrosirius red staining allowed monitoring collagen maturation with time. In the figure 8 A-C 
representative images of Picrosirius red stained biohybrid’s cross-section are reported. The 
reported images are related to the 6 weeks of culture for 5% and 4% biohybrid, and to 2 
weeks of culture for 3% biohybrid. According to the histological analyses microscaffolds are 
still present only in 5% biohybrid. In order to investigate the collagen ‘status’ (immature vs. 
mature) we exploited polarization microscopy with picrosirius red. This method has been 
widely used to measure the molecular and fiber orientation of collagen and to characterize 
collagen fiber arrangement in several kinds of tissues in vitro as well as in vivo [20-24], and it 
was also found that there was a good correlation between the volumetric collagen content 
assessed by biochemical assay and the collagen fraction estimated by videodensitometry 
[20].The figure 8D shows the results from imaging process of Picrosirius red images 
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assessing that collagen is present at each time point for all the biohybrid type. In particular in 
5% biohybrid at 2 weeks of culture the proportion of green (thin/immature collagen fibers) 
and red (thick/mature collagen fibers) is quite similar 0.04±0.02 and 0.03±0.02, respectively. 
As the time increases the proportion of green fibers slightly decreases from 2 week to 4 
week, but there is no change from 4 week to 6 week. Otherwise the proportions of red fibers 
increase with time reaching at six weeks the value of 0.35±0.09. Interestingly, the red fiber 
content of 5% biohybrid at six weeks of culture approached the value found for the skin (i.e. 
0.43). In the 4% biohybrid the proportion of both red fibers and green fibers presents the 
same trend found in 5% biohybrid, nevertheless the red fibers content reached lower value 
than that found in 5% biohybrid at each time point. Indeed the maximum value found at six 
weeks of culture is 0.16±0.03 versus 0.35±0.09 found at six weeks for 5% biohybrid, 
statistical analyses confirmed that the values are different. At last, in the 3% biohybrid the 
analysis was performed only at 2 week, and the difference between red and green collagen 
was statistically different and similar at the value found in the 4% biohybrid as well as 5% 
biohybrid at the same time point.  
By observing the behavior of mature collagen (red fraction) in the figure 8D it is possible to 
see that in the 5% biohybrid the collagen assembling process is faster than in 4% biohybrid. 
This result suggests that the collagen composition evolution over culture time presented in 
fig. 8D indicated that cells were engaged in synthesizing their own ECM by assembling and 
remodeling the immature collagen (thin fiber/green fraction) in a mature collagen (thick 
fiber/red fraction) with a velocity depending upon the initial micro-scaffold property. Indeed, 
the fraction of neo-synthesized collagen remained constant over the time, indicating a 
continuous collagen synthesis 
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Figure 8.: ECM maturation analyses. Picro Sirius red stained cross section of 5% biohybrid at 6 
weeks (A) scale bar is 100 µm, 4% biohybrid at 6 weeks (B), scale bar is 200 µm; 3% 
biohybrid at 2 weeks (C) scale bar is 200 µm. Time evolution of collagen red fraction 
and collagen green fraction (D): 3% biohybrid (slight green intensity/ slight red 
intensity); 4% biohybrid (medium green intensity/medium red intensity); 5% biohybrid 
(strong green intensity/strong red intensity). Behavior of red fraction collagen: 
experimental data of 5% biohybrid (black circles) and 4% biohybrid (gray circle), 
equation 1 evaluated by using curve fitted parameters reported in table 1 for 5% 
biohybrid (black lines) and 4%biohybrid (gray line). 
 
By contrast, analyzing the data concerning the mature collagen we observed a continuous 
increase over the time, for both biohybrids. Nevertheless there was a difference in the 
collagen kinetic assembly: 5% biohybrid approached faster than 4% biohybrid the 
composition of human dermis The evolution of kinetics parameters related to collagen 
assembly process, has been carried out by using data from red fraction evolution shown in 
figure 8D for 5% and 4% biohybrid with equation 1 

y 
Ymax
2
1 tanh(t )          Eq. 1 
subjected to following conditions: 
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
y(0)  0
y() Ymax
         Eq.2 
where y represents the red collagen fraction, Ymax the maximum collagen assembled 
fraction, t the culture time and  and  two kinetic parameters. The equation 1 is a sigmoid 
shaped saturation law and its use, together with equation 2 in fitting the data related to 
collagen assembly, is justified by the following considerations: (i) at early time of the 
collagen assembling process, the value of mature collagen is very close to zero (y(0)= 0); (ii) 
as time increases, the fraction of the mature collagen increases (Fig. 8D); (iii) at the longer 
culture time the assembly process has to reach a steady state [20], and the fraction of 
mature collagen approaches a value that in this case is the fraction of assembled collagen in 
native dermis (y(

)=Ymax). The data of red collagen were then fitted with equation 1 and 
equation 2 using a fitting procedure implemented in Mathematica®, and the results are 
reported in table 1. The parameter  [time-1] can be related to the rate of collagen assembly, 
while the parameter  [dimensionless], is related to the inflection point of the function 
hyperbolic tangent. When the argument of the equation 1 is zero (t- = 0), the fraction of 
mature collagen, y, is the half of the maximum collagen fraction, in this condition the time 
defined by the equation 3 

Ts 


           Eq. 3 
can be seen as an index of collagen maturation, representing  the ‘setting time’ of the 
collagen in ECM. The plot in the fig. 8E, shows the behavior of mature collagen in 5% 
biohybrid (black curve) and 4% biohybrd (gray curve) as well. As expected the kinetic of 
collagen maturation in 5% biohybrid is faster than 4% as confirmed by fitting parameters 
reported in table 2. The values of the rate of the collagen assembly () are 0.5 and 0.3 week-
1 for 5% and 4% biohybrid respectively. Furthermore, the collagen ‘setting time’ (Ts) is lower 
in the 5% than in 4% biohybrid (30 days vs. 40 respectively). The values fall in the intervals 
reported in literature for collagen turnover [25]. These results indicated that the microscaffold 
properties affected the collagen assembly rate. In particular, longer degradation rate sped-
up the collagen assembly process and such phenomenon can be correlated both with the 
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scaffold stiffness and with the growth of ECM in a confined space. The former observation 
agrees with literature data reporting the influence of substrate stiffness in up-regulating 
collagen synthesis and organization [26, 27]. The latter hypothesizes that when collagen 
monomers are secreted in to a confined space the higher collagen concentration induces a 
control on matrix organization and packing [21], before to reach a contact inhibition condition 
[28]. These two events are verified in 5% biohybrid where the stiffer GPM being still present 
into biohybrid until the 6 weeks of culture allowed the tissue growth only in confined space. 
Different case is verified in 3% biohybrid where the use of 3% GPM having the shortest 
degradation rate, induces their degradation at two weeks of culture. Although 3% biohybrid 
is composed by endogenous collagen (Fig. 6H) its maturation as well as organization (Fig. 8 
C-D) is not able to prevent the tissue contraction due to cellular traction. It is commonly 
believed that the control over tissue growth is obtained by matching degradation rates of 
tissue scaffolds to the rate of various cellular processes [29]. At light of our results, we 
suggested that kinetic of collagen assembly is one of the most important cellular process at 
which is necessary to refer to. To highlight this concept we introduced a graphical illustration 
(Fig. 9) relaying upon scaffold design criteria for engineering soft tissue in vitro arisen by the 
observed phenomena. According to the strategy proposed by Hutmacher [30] the total 
mechanical integrity of the cellular construct (PMAX), is composed by the contribution arising 
by the scaffold (Ps) and the growing tissue (PECM), as described by the equation 4 

PECM (t)PS (t)  PMAX            Eq. 4 
At the beginning of the process scaffold architecture guides cell growth and premature tissue 
development, so at early stage of the process is verified the condition PS = PMAX.  
During the cellular construct culture, scaffold gradually vanishes leaving sufficient space for 
cell invasion and new tissue in growth. However, physical support by the 3D scaffold should 
be maintained until the engineered tissue has sufficient mechanical integrity to support itself 
verifying the condition PECM = PMAX. The property PECM, can be related to the collagen fraction 
in the growing tissue (y), and it has to approach PMAX as the time is increasing [31,32]. As a 
consequence PECM can be expressed by means of equation 5:  
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
PECM (t) 
PMAX
Ymax
y
           Eq. 5 
 
 
Figure 9.: scaffold design criteria. Evolution of PECM and Ps versus dimensionless culture time 
(t/Ts): PECM by using y = yred (black line), y = yred+ygreen (gray dotted line) in equation 4; 
PS by using y = yred (black circle), y = yred+ygreen (gray circle) in equation 5. Table 
2.:Kinetics parameters obtained by curve fitting red-collagen data of 4% and 5% 
biohybrid with equation 1 and equation 2. b, rate of collagen assembly [week
-1
]; Ts, 
‘setting time’ [day]. 
 
By combining equation 4 and equation 5, the time evolution of the PS normalized to PMAX, 
can be expressed according to equation 6:  

PS (t)
PT
 1
y
Ymax






           Eq. 6 
In fig. 9 we reported the behavior of Eq. 5 and Eq. 6 by using mature collagen values (y = 
yred) and total collagen values (mature + immature, y = yred + ygreen) of 5% biohybrid taken by 
figure 8D. The cross over between Eq. 5 and Eq. 6 should indicate the characteristic 
degradation time of the scaffold. Interestingly, by using the mature collagen value, y = yred in 
the equation 5 and 6, the cross over falls above the setting time (T2 < Ts). Otherwise by using 
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total collagen values, y = yred + ygreen, the crossover falls before the ECM setting time (T1 > 
Ts). Therefore it is possible to argue that if the microscaffold is designed in order to match its 
degradation time (Td) with the total collagen synthesis, it will degrade before collagen 
assembly occurred (Td / Ts << 1) and this condition doesn’t guarantee that the engineered 
tissue has a sufficient mechanical integrity to support itself. In contrast by matching the 
scaffold degradation time with assembly collagen time, most probably the ECM has 
sufficient maturation degree to prevent tissue contraction (Td / Ts >>1). At light of this 
observation in our study, the 3% GPM verified the condition of Td / Ts <<1 consequently 
3%biohybris resulted in a fast shrinkage; the opposite condition Td / Ts >>1 is verified for 5% 
GPM indeed the 5% biohybrid didn’t show any contraction, exhibited the highest collagen 
maturation degree, and retained microscaffold during the time of culture. Otherwise the 4% 
GPM verified a condition in which Td / Ts is just below the unity, consequently the 4% 
biohybrid is able to sustain the tissue contraction for longer time compared to 3% biohybrid, 
thanks to a superior collagen maturation of the neo-ECM able to support the integrity of the 
biohybrid in the absence of microscaffold. Probably the gold standard condition Td/Ts1 (i.e. 
endogenous tissue and shape retention) can be reached by exploring a cross-linking extent 
ranging between 4%GAL and 5%GAL and this issue is actually under investigation. So, 
morphological analyses showed that endogenous ECM was present in each 3D tissue 
equivalent realized, but its time evolution, organization and collagen assembly kinetics 
strongly depend upon the microscaffold formulation used. The increase of the microcarriers’ 
crosslinking extent sped up collagen assembly kinetic obtaining stiffer ECM able to balance 
both scaffold’s mass loss and cell traction in a limited time window. Taken together our 
results indicate that by tuning the degradation rate of micro scaffold, it is possible to 
modulate the properties of the ECM of the final 3D tissue. Moreover HD-μTP, produced 
under optimized dynamic conditions, can be molded to produce a 3D human dermal 
equivalent made up of endogenous ECM able to sustain a long-time culture in vitro. Despite 
of other approaches relaying the realization of building block used in bottom up tissue 
engineering, the HD-μTP realized in this study are rich in ECM essential for the cell to grow 
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and differentiate in a tissue like environment. To reach this aim the initial presence of micro 
scaffold has a crucial importance [10-12], to promote the synthesis of ECM. In order to 
guarantee not only the collagen synthesis but also its organization a key issue of this study 
is the modulation of initial micro-scaffold properties. Indeed while many studies focused their 
attention on the molding capability of building blocks, at best of our knowledge any efforts 
have been spent to reach a deep understanding of their role in ECM organization as well as 
collagen assembly of the 3D tissue resulting by their biosintering.  
 
CONCLUSION  
In conclusion, we have demonstrated that μTP precursor assembly approach can be 
exploited to build-up human dermal tissue equivalent in vitro completely made up by 
endogenous ECM components. Moreover we assessed that the microscaffold 
degradation rate plays a fundamental role in the collagen maturation and provides the 
possibility to tune the properties of the final 3D tissue. Finally we found key parameters 
of collagen assembly’s process, useful to address a more efficient scaffold design for in 
vitro soft tissue engineering. These parameters aid to identify the trade-off between too 
short (mechanical failure, endogenous material) and too long scaffold persistence 
(shape retention, partially endogenous material).  
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Chapter 3 
3D HUMAN DERMIS EQUIVALENT IN VITRO AS A LIVING 
BIOLOGICAL TEST PLATFORM 
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INTRODUCTION 
The classical tissue engineering approach to produce viable in vitro tissues by 
seeding cells into preformed, porous, and biodegradable scaffolds presents several 
shortcomings, mainly due to the difficulty in reproducing, at the pericellular level, 
adequate microenvironmental conditions in a three-dimensional (3D) thick structure 
[1,2]. New results demonstrated the importance of tissue micro-architecture on the 
resulting function of engineered tissue constructs [3]. Therefore, devising new 
biomimetic techniques for generating engineered tissues with micrometer-scale 
resolution is of great scientific interest. Microfabrication technologies have been 
applied to cell culture techniques in the effort to better direct tissue formation and 
function. As cell–cell and cell–extracellular matrix (ECM) interactions play critical 
roles in cell and tissue function, control over the cellular microenvironment could be 
key to fabricate biomimetic tissue structures [4]. The tissue microarchitecture in the 
human body is often made of repeating functional units. As a result, self-assembling 
of micrometer-scale tissues in order to create the native microarchitecture of natural 
tissues is a promising approach for the fabrication of functional complex tissue 
constructs. In this chapter we used a bottom-up approach to produce 3D dermis 
equivalent construct. A lot of different dermis equivalent models have been proposed 
in literature in the past decade, some including living fibroblast and other not 
including cell population. In these models, several materials such as, bovine 
collagen,[5] glycosaminoglycan,[6] human dead dermis,[7,8 ] synthetic polymers [9] 
and cell sheet confluent [10] have been used. Among the main drawbacks of the 
human dermis equivalent models used until now, are the presence of exogenous 
materials, the inappropriate mechanical properties, the difficult to obtain large and 
tick tissues, and the problem related to infection and rejection in clinical applications. 
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However one of the most used model in literature to mimic the native dermis is based 
on the cellularized fibrillar collagen. Nevertheless, even if this model is very close to 
native dermis’s morphology it is too simplified to mimic the intricate pathway that in 
vivo plays a fundamental role in phenomena such as aging, photoaging or other 
events in which the structural proteins of ECM are involved. Many studies in literature 
reported that in photoaged skin in vivo, collagen fibrils are disorganized and 
abnormal elastin-containing material is accumulated [11]. Biochemical studies have 
revealed that in photoaged skin, levels of type I and III collagen precursor and 
crosslinks are reduced, whereas elastin levels are increased [12]. Moreover a large 
number of studies, unambiguously demonstrate that the UV radiation leads to 
enhanced and accelerated degradation and /or decreased synthesis of collagen 
fibers. This occurs because the UV irradiation plays a fundamental role in the 
induction of matrix metalloproteinases (MMPs), enzymens able to degrade matrix 
proteins such as collagen and elastin. Under basal conditions, MMPs are part of a 
coordinated network and are precisely regulated by their endogenous inhibitors, i.e. 
TIMPs which specifically inactivate certain MMPs. An imbalance between activation 
of MMPs and their respective TIMPs could lead to excessive proteolysis. It is now 
very well established that UV radiation induces MMPs without affecting expression or 
activity of TIMPs [13]. In a very simplified scheme, UVA radiation acts indirectly 
through the generation of free radicals and reactive Oxygen Species (ROS), in 
particular singlet oxygen, which subsequently can exert a multitude of effects such as 
lipid peroxidation, activation of transcription factors and generation of DNA strand 
breaks and cellular necrosis in the dermal layer [14]. In the light of these evidences in 
order to have an in vitro human dermal model able to recapitulate the events 
occurring in vivo after photo-damage it is fundamental produce a model having 
endogenous ECM. Since our dermis equivalent meets this need, in the study 
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presented in this chapter, we assessed the capability of our model to respond to 
external stimuli such as the UVA irradiation. We focused particular attention to the 
effect of irradiation on the organization of structural proteins such as collagen and 
elastin by multiphoton microscopy MPM, a new non invasive microscopic techniques 
that guarantee high resolution capability [15]. It allows the visualization of unstained 
structural bio-molecule such as collagen and elastin. Because the intensity of the 
signals and the organization of the ECM are strongly related with the status of the 
tissue (healthy vs. damaged), the use of MPM in combination with image analysis 
algorithms is becoming a very powerful diagnostic tool [16]. Many works have been 
published demonstrating that the organization of collagen network can be quantified 
by using Second Harmonic Generation (SHG) / Two Photon Elastin Fluorecence 
(TPEF) [17] images coupled with texture analysis performed with Grey Level Co-
occurrence Matrix (GLCM) and/or Fast Fourier Transform (FFT) [18, 19]. However, 
currently the studies related to collagen or stromal modification occurring under 
pathological conditions have been performed on patients or tissue biopsies and, no 
reports exist concerning in vitro tissue models made-up by endogenous ECM.  
 
MATERIALS AND METHODS 
Spinner cell culture 
Macroporous gelatin microbeads were obtained by using a double emulsion 
technique. Glyceraldehydes has been used as gelatin crosslinker at 4% w/w of the 
microbeads, only this percentage has been used in order to obtain a tissue 
completely endogenous without the presence of microbeads at the 6 week. The 
microbeads/fibroblasts cultures were propagated in spinner flasks (100ml, Belco) for 
96 hours, in order to obtain a human demis-microtissues precursor (HD-µTPs), the 
stirring mode was set at 30rpm, 30 minutes pause and 5 minutes running, for the first 
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6 hours of seeding; continuous stirring for the following hours of culture. The spinner 
cultures were incubated at 37°C in 5% CO2. 
 
Tissue assembling in sheet-shape 
HD-μTPs suspension was transferred from the spinner ﬂask to a 50 ml Falcon 
centrifuge tube and, after settling, transferred by pipetting into the maturation 
chamber to allow their molding in sheet shape. The filling is carried out vertically with 
the maturation chamber immersed in the culture medium. In the hollow space of the 
chamber are inserted through a syringe the µTP along the slot available, taking care 
to fill all the necessary volume. The maturation chamber showed in fig. 1 is home 
made and similar at the maturation chamber used to realized a disc shape but the 
size is a square with an area of 25 square centimeters.  
 
 
Figure 1.: procedure of tissue assembly. (A) maturation chamber, (B) vertical filling system 
 
Only one hand, the occurrence of the vertical filling, is closed only at the end of the 
filling process. Finally the assembling chamber was placed on the bottom of a 
particular spinner ﬂask home made showed in figure 2. 
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Figure 2.:spinner flask or bioreactor of 
tissue maturation 
 
The bioreactor is formed by two part connected by fixing flange and in figure 2 it is 
showed completely surrounded by culture medium. The spinner was operated at 60 
rpm and the medium was exchanged every 4 days 
 
Morphological extra cellular matrix characterization  
Histological analyses and immufluorescences  
ECM composition and morphology along the peace of the sheet thickness were 
assessed by performing histological analysis on transverse sections of biohybrid. 
5µm transverse sections of samples were stained using hematoxylin-eosin (Bio 
Optica) solutions, Masson’s trichrome (Sigma Aldrich), following standard procedure 
and analyzed by an optical microscope (BX53; Olympus). The samples that will be 
included in Tissue Tek are fixed in 4% paraformaldehyde for 30 min at room 
temperature, wash them in PBS and after can be placed into a sucrose 2M solution 
that was prepared in water. Tissues should be soaked with sucrose at room 
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temperature not more than 24h; this part of procedure is more important for frozen 
preservation. Indeed we discarged the sucrose 2M and place the sample in the 
Tissue Tek Killik in the suitable mold named Peel-A (Ted Pella INC) that we 
submerge in liquid nitrogen vapors for 1 min and then remove and store in -80 °C. 
The immunofluorescences are performed on sample that were cuts in slices (5-8 µm) 
with criomicrotome (Leica CM 1850) and were used for the SHG analysis of the 
structures such as collagen and elastin. The cut was oriented so as to view the cross 
section of the samples. Moreover fibronectin, laminin, elastine, dermal markers were 
performed respectively : anti-fibronectin monoclonal antibody (Sigma), Anti-laminin 
polyclonal antibody (Sigma), anti-elastine polyclonal antibody (Sigma). Every 
antibody monoclonal were produced in mouse and the polyclonal antibody were 
produced in rabbit. The nuclear stain was Sytox Green (Invitrogene). The secondary 
antibodies that we used were: Alexa Fluor 546 mouse anti-rabbit IgG (H+L) (diluition 
1:500; Life technologies), Alexa Fluor 488 mouse anti-rabbit IgG (H+L) (diluition 
1:500; life technologies), Alexa Fluor 488 goat anti-mouse IgG (H+L) (diluition 1:500; 
life tecnologie), Alexa Fluor 546 goat anti-mouse. IgG (H+L) 
 
Scanning electron microscopy (SEM) with Energy-Dispersive Spectroscopy 
(EDS) 
SEM/EDS was performed to analyze both the morphology of peace of sample on 
surface and along thickness after the rift. The sample prepartation was described in  
the Chapter 1 Coated samples were then examined by scanning electron microscopy 
(SEM) (Leica S400).  
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Second Harmonic Generation (SHG) and two-photon excited 
fluorescence (TPEF) for sample imaging: SAAID index and GLCM 
matrix 
To this aim samples of foreskin at 30 and 80’s years old and the our human 
equivalent dermis were investigated by Confocal Leica TCS SP5 II combined with a 
Multiphoton Microscope where the NIR femtosecond laser beam was derived from a 
tunable compact mode-locked titanium:sapphire laser (Chamaleon Compact OPO-
Vis ,Coherent). The samples for nonlinear imaging were prepared by freezing them 
and by cutting them in a compact routine cryostat. Slices ranging from 50 to 100 mm 
thickness were obtained. Before imaging, samples were unfrozen and closed with a 
microscope coverslide together with some PBS droplets in order to maintain the 
natural tissue osmolarity. The excitation was accomplished using a wavelength of 
740 nm for TPEF and 840 nm for SHG and a mean laser power at the sample 
between 10 and 40 mW, depending on the depth of recording. These power levels 
are sufficiently low to avoid photobleaching and photodegradation effects, as 
demonstrated also in in-vivo multiphoton skin imaging [22]. SHG or TPEF detection 
was accomplished by switching the excitation wavelength between 740 nm and 840 
nm. TPEF-SHG images were acquired with 512x512 pixels or 1024x1024 pixels 
spatial resolution, from 60 mm to 200 mm lateral dimension, using a pixel dwell time 
of 5 µs. The scanning time was approximately 1.3 s and 5 s for 512 and for a 1024- 
pixels image, respectively. For Second harmonic to Autofluorescence Aging Index of 
Dermis (SAAID) scoring images were processed with analysis software (Image J®). 
The calculated score is the geometrical mean of the value calculated from 10 
different 50 mm side squared ROI for each sample. We have characterized the 
morphology of part of tissues by measuring the SAAID score. The SAAID value is a 
measure of the ratio between collagen and elastic tissue. It can be used to evaluate 
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intrinsic and extrinsic skin aging, as well as to give a measure of the fibrotic status of 
the dermis. It is defined as follows:  
SAAID=      (1) 
In the equation 1 SHG coll represents the intensity distribution of the SHG signals 
due to collagen matrix and the TPEF elast represents the intensity distribution of the 
TPEF signal due to elastic fibers. SAAID index were evaluated both from 3D-HDE 
UVA- (SAAID0) and 3D-HDE UVA+ (SAAIDUVA) and reported as the ratio  
UVASAAID
SAAID0      (2) 
GLCM matrix was calculated from human skin of 80 years old an 30 years old and 
3D-HDE UVA+ and 3D-HDE UVA- by SHG images. We performed gray-level co-
occurrence matrices (GLCMs) texture analysis to SHG images. Based on gray-level 
statistical patterns between neighboring pixels, the GLCMs can provide texture 
features. In particular, by indicating the fibril and separation, the correlation feature, a 
measure of intensity correlation as a function of pixel distance, relates to collagen 
fibril structure. In detail, if the correlation falls off sharply with pixel distance, the 
collagen matrix presents distinct, linear fibrils; if it remains elevated as pixel distance 
is increased, the collagen matrix has less defined fibrillar structure. In this 
experiment, we calculated the correlation for distances ranging from 1 to 60 pixels 
(0.4 µm to 24.0 µm) in the horizontal direction of each optical section. [23].  
As in the case of SAAID index the ratio of the correlation length between 3D-HDE 
UVA- and 3D-HDE UVA+ samples was evaluated. 
UVAL
L0      (3) 
 
- 82 - 
 
Tensile properties measurements.  
From 5x5 mm tissue equivalent were harvested bone dog shaped sample to perform 
the tensile mechanical tests. The samples were 1mm thick. 5 mm large with a 
measure length of 22 mm. The sample was placed between mechanical grips and 
mechanical test were performed by means of Instron 5566. 
The test was carried out under displacement control with a two velocities of  
0,5mm/min and 10mm/min. The force was measured by a load cell (2,5 N). The force 
and displacement data were converted in stress and deformation respectively. The 
stress was obtained by force data by dividing the force by initial cross sectional area 
(5x1 mm2). The deformation was obtained by the displacement data normalized to 
the initial length of 22mm. From Stress-Strain curve it was evaluated: tangent elastic 
modulus Etan, by evaluating the slope of the initial part of the whole curve; the 
deformation at breaker, as the value of the deformation corresponding the failure of 
the sample 
 
RESULTS AND DISCUSSIONS 
Human dermis equivalent: macroscopic aspect and mechanical 
testing 
 
As show in figure 3 (A, B, C, D) human dermis equivalent obtained by assembling of 
HD-µTPs having 6 weeks of maturation appears ductile, flexible, strong and resistant 
to torsion stress and at the pull. Also the color of material is similar to human dermis 
and this aspect play a fundamental role in a hypothetical surgery application. 
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Figure 3.: images of human dermis equivalent 
 
SEM images (Fig. 4A, B, C, D) show equivalent human dermis completely made by 
cells and ECM forming large 3D tissue equivalents. In figure 4B is highlighted the 
thickness of construct and in figure 4A and C it is possible to note the bundle of 
collagen on the surfaces. Moreover it is possible to detect the organic composition in 
percentage of carbon and oxygen by using EDS module, an analytical technique used 
for the elemental analysis or chemical characterization of a sample. The value 
indicated in table, 68,6% C and 31,4% O, demonstrates that the surface of sample 
also in percentage is very similar to native dermis  
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Figure 4.: scanning electron microscopy micrographs of human dermis equivalent;(A) surface, 
(B) and thickness, (C) bundle of collagen on the surface, (D) combination of the SEM 
image and table that indicates the percentage of element in the white area 
 
In graph 1 we show the curve of mechanical stress of small sample dog-bone shaped 
obtained from derma equivalent sheet. We have performed two constant deformation 
rate, 0,5 mm/min and 10mm/min; in the table under graph is shown the values of 
tangent elastic module (Etan ) calculated in initial and linear portion of the curve, 
maximum strain (Smax)and maximum stress.(σmax). As shown in the table by increasing 
deformation rate also increases the Young module (Etan). This trend is typical of elastic 
no linear materials. Indeed the test starts with an evident deformation of the sample 
until arriving at the point of maximum stress that is 0.70 KPa, at which the breakage 
occurring. 
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Graph 1.: mechanical properties of human dermis equivalent. Graph 
show the strain vs stress at two deformation rate (0,5 mm/min 
at 10mm/min) and the table under shoe the parameters of 
Young module (Etan), stress max( σmax) and strain max (Ɛmax)  
in percentage and normalized to initial length. 
 
 
By increasing the deformation rate the maximum stress that the sample can sustain 
increase too arriving at 200 g/cm2 
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Morphological analysis of ECM 
In the panel reported in figure 5, histological images of Hematoxylin-Eosin (fig 5A, B, 
C) and Masson Trichrome (fig 5C, D, F) concerning human dermis equivalent at 6 
weeks of maturation have been shown.  
 
  
Figure 5.: histological analysis of human dermis equivalent (A, B, C) hematoxylin and eosin 
staining of transverse section thick 5µm and scale bars are indicated in the images. (D, E, 
F) Masson Trichrome staining of transverse section thick 5µm and the scale bars are 
indicated in the images. 
 
In the figure 3D it is possible to observe that collagen (in blue) is present along the 
whole thickness of the sample (1mm), any necrotic region is present and microbeads 
are not present anymore at the end of culture time. In figure 5A and 5D any 
significant change in thickness has been observed compared to thickness of the 
chamber maturation. As shown in figure 5 B, it is possible to note that the fibroblasts 
are completely immerse in collagen matrix and the elongated nuclear morphology 
underlines the good condition of the cells in their own extracellular matrix. It is 
interesting to highlight that after 6 weeks of culture the tissue is completely made-up 
of endogenous ECM, and the contraction of thickness is not significant. As described 
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in previously chapter the collagen assembly kinetic in the 3D biohybrid suggested 
that the microscaffold play a fundamental role in the collagen maturation and 
indirectly in the 3D tissue shape retention. Moreover the close interdependence of 
matrix remodeling, mechanical properties and shape retention is fundamental to 
preserve the integrity in soft tissue [24-26].  
In the figure 6 representative images of ECM markers of human dermis equivalent as 
well as native human dermis are shown. All immunofluorescence analysis are 
performed on transverse section 7µm thick and it has been matched with nuclear 
staining such as DAPI (fig 6 A, B, E, F) or SytoxGreen (fig 6 C, D). In particular in the 
image A and B is shown the laminin marker in red, so in the images C,D is shown the 
signal of the Second Harmonic Generation (SHG) of collagen network by exploiting 
multiphoton microscopy. Moreover in images E, F is shown the match of elastin 
(green) and fibronectin (red) signals. Immunofluorescence staining (fig 6A) 
demonstrated the presence of human laminin around cells in the ECM. Laminin 
presence on the edge of tissue show a signal intensity similar to that one found in the 
native tissue, suggesting that laminin accumulation is more strong on the endge of 
the sample assuming a morphology similar to the dermis-epidermal junction in native 
tissue. Obviously in native tissue laminin is also present in blood vessels [29], since 
our model is avascular we found laminin signal only on the edge of the sample and 
as spots within the ECM. Moreover in figure 6 C, D is demonstrated the presence of 
human collagen in the ECM and in particular around cells. The presence of human 
collagen secreted from human fibroblasts suggested that the cells not only 
proliferated but also works correctly like natural dermal fibroblasts by secreting and 
remodeling collagen [26]. The intensity of signal of collagen in human dermis 
equivalent and in native dermis is similar but the morphology of signals is different, 
indeed in the native dermis is possible to distinguish clearly the bundle of mature 
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collagen while in the tissue equivalent it is possible to distinguish the fibrills of the 
collagen but they are not still completely organizes.  
 
 
Figure 6.: immunofluorescence analysis of human dermis equivalente and native skin tissue. 
Frozen sections were immunostained for laminin (A, B)and DAPI as nuclear stain, 
collagen by SHG analisys (C, D) and Sytox green as nuclear stain, elastin in green 
and fibronectin in red (E, F) and DAPI as nuclear stain. (A-E) scale bare are 
50µm,while in (F ) scale bar is 100µm 
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Elastin and fibronectin constitute the two major components of the elastic tissue in 
normal human skin; so in tissue equivalents fibronectin is detected as shown in figure 
6E and also the morphology of signal is similar to native tissue in fig. 6F. In the 
center of construct the intensity of fibronectin signal is low, but it is strong on the 
edge, this suggests that where the dermis is anchored on the grid the cells are able 
to produce more fibronectin and also the network of this proteins is more similar to 
native dermis. The signal of elastin is not very strong and it is relevant only on the 
edge of tissue equivalent where the elastin is deposited onto this microfibrillar 
network. 
 
Healthy vs diseased model: In vitro platform for understanding 
collagen evolution  
 
To test the hypothesis that 3D-HDE can be used as model to study the collagen 
remodeling occurring in vivo after solar exposure, UVA irradiation was delivered to 
3D-HDE in order to mimic a daily UVA dose. The experiment was performed on 
tissue equivalent with disc shape by using µ-TPs of 5% GAL.  
Cell apoptosis and dermal matrix alterations such as decreased synthesis and 
accelerated degradation of dermal matrix components, especially collagen fibers, are 
two important and well-known effects of photoaging. As shown in the figure 7C, D by 
the images of Sytox green stained sample, 3D-HDE UVA- reports a strong 
disappearance of fibroblasts and the presence of nuclei with irregular morphology 
indicating cells undergoing necrosis or apoptosis. According to this result H/E images 
of 3D-HDE UVA- and 3D-HDE UVA+ (fig.7A, B) show that the morphology of the 
ECM presents among the microbeads in the two samples are very different. In the 
3D-HDE UVA+ typical bi-polarized fibroblast morphology is evident and eosin 
staining of ECM appears homogenous, differently 3D-HDE UVA- sample shows 
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piknotic cells and fragmented staining of ECM indicating that degeneration of 
collagen occurring. 
 
Figure 7.:histological analysis and nuclear staining on HDE UVA- and HDE UVA+. 
(a) hematoxilin and eosin on HDE UVA+, (b) hematoxilin and eosin on 
HDE UVA-.(c) Sytox green on UVA- and (d) Sytox green on HDE UVA+. 
 
To better investigate the collagen suffering status after UVA irradiation MPM have 
been used to obtain useful parameter assessing the structural and compositional 
modification observed in the 3D-HDE UVA- and 3D-HDE UVA+. More specifically 
SAAID [18] index and correlation length are currently used as clinical indicator to 
detect ECM degeneration in damaged connective tissues [19, 20]. SAAID index 
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indicates the relative change in the collagen and elastin content after photo-damage 
and the decrease of SAAID index is observed in photo-aged dermis. Figure 8 reports 
the ratio of the SAAID index (S) as defined in the equation 2. In our 3D-HDE it was 
found that S is minor than unity indicating a re-distribution of ECM components as in 
the case of photo aged native dermis. The values are statistically different with a 
p<0.05 by performing a t-test.  
 
Figure 8.: analysis of SAAID index on human dermis equivalent UVA+ and UVA-(a) SHG of 
collagen in grey and elastin in yellow on HDE-  by multiphoton microscopy analysis, (b) 
SHG of collagen in grey and elastin in yellow on HDE-  by multiphoton microscopy 
analysis; in graph to the right is shown the  value of SAAID index for Σ is described the 
HDE- and for Λ  is indicated the HDE + 
 
Correlation length is textural parameters indicating the roughness of the collagen 
matrix. Textural parameters of collagen network (correlation, entropy and contrast) 
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obtained from SHG images can be related with chrono-aging and photo-aging [20], 
development of arteriosclerotic plaques [21] and stroma modification due to tumor 
invasion and growth [22, 23]. Since a strictly correlation exists among 
mechanical/transport parameters of collagen network, its 3D architecture and its 
evolution in a pathologic status, several efforts have been carried out to relate 
collagen textural parameters to its elastic modulus [27] and bioactive agent diffusion 
[28]. By using this technique we investigated the young and healty and 3D-HDE 
UVA- and 3D-HDE UVA+ in order to assess if a irradiation with UVA have 
responsibility in terms of collagen architecture modification. Rough texture, or low 
correlation length is synonymous of fine structure with well defined collagen bundle 
and narrow distribution of bundle diameter. This is the condition of young and healthy 
dermis. Aging and in particular photo-aging, induces collagen degeneration causing 
change in textural features of collagen matrix. As a consequence, correlation length 
tends to increase because of collagen matrix coarsening. A way to measure the 
correlation length is to perform GLCM analysis and evaluate the Correlation over a 
length of interest that in our case it has been set to 42mm. In such spatial windows 
the distance at which the correlation function fall off represents the correlation length 
of the texture. In figure 9 is reported the ratio of the correlation length as defined in 
the equation 3. The value L is grater than unity indicating an increase in the 
correlation length after UVA exposure. The correlation length data of 3D-HDE UVA+ 
sample are statistically different from 3D-HDE UVA-, as confirmed by p<0.05 after t-
test. Taken together these results indicated that our HDE are able to recapitulate in 
vitro relevant phenomena occurring in the human dermis during human daily life. The 
tissue realized resembles most of the native human dermis features in terms of 
composition, ultra structure, collagen network organization and mechanical 
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properties. The HDE can be imaged by means of non-linear optic techniques and it 
responds to external stimuli in a similar fashion as the native dermis. 
 
 
Figure 9.:Correlation distance in human dermis and in the 
HDE UVA+ and UVA- irradiation 
 
By coupling the living nature of the HDE and non linear, non invasive a stain-free 
optical techniques such as SHG imaging, it will be possible to realize biological 
platform in vitro. In this work we have carried out studies on photoaging but the 
concept can be applied to a board range of cases: in vitro tumor model by realizing 
pathologic tissue, collagen re-organization after injury, to test the efficacy of 
therapeutics agents, to screen drugs to represent various disease states in a 
controlled environment and to evaluate new therapies targeted for a specific disease  
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CONCLUSION 
We realized a 3D human dermis equivalent model in vitro having a surface of 25cm2 
and a thickness of 1mm, completely made up of endogenous extracellular matrix. 
This model represents a real innovation in tissue engineering and we have 
demonstrated that morphological, biochemical, and mechanical characteristics are 
very similar to native tissue. This new material could have applications in the medical 
field and our results about photoaging demonstrate that it can be used to study the 
biological mechanisms involved in diseases of the dermis. Complex mechanisms 
such as the response to UVA can be studied in in vitro models only if the biological 
living platform is made of structural proteins that form the native tissue, and our 
results that the model realized respond to this need. 
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Chapter 4 
3D HUMAN SKIN EQUIVALENT 
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INTRODUCTION 
Patients with 50 per cent total body surface area full-thickness wounds have only 50 per cent of 
undamaged skin left which could be used for split-thickness skin harvesting [1]. Donor sites would add 
to the total wound size resulting in a wound area covering 100 per cent of the body. An impaired 
epidermal barrier combined with reduced immunity of heavily burned patients can result in bacterial 
sepsis which is the main complication in deep extensive burns. In the case of a more extensive injury, 
donor sites are extremely limited and in such cases, meshing techniques can be used where grafted 
skin is uniformly perforated and stretched to cover greater areas of the wound. In such cases wounds 
are covered with temporary dressings or cadaver skin to form a mechanical barrier in order to prevent 
fluid loss and microbial contamination [1]. Alternative life-saving approaches in the treatment of 
extensive full-thickness wounds, include the use of cultured autologous keratinocytes and/or 
bioengineered skin substitutes. However, currently, there is a growing interest in skin equivalent 
production not only for surgery applications but also as alternative to animal testing. The scientific 
community argue animals are subjected to considerable pain and distress during toxicity testing with 
the final results scientifically unreliable because humans and animals can experience differing 
reactions to the same chemical. For this reason, animal testing for cosmetics has been banned within 
the European Union and a new legislation enforces also a sales ban on products from outside the EU 
tested on animals from March 2013 [2]. To meet these needs, significant progresses have been 
recently made in the development of 3D human skin model in vitro. One of the first model of skin 
equivalent in vitro related to the epidermal equivalent alone [3]. However, this model presented some 
limitations because of the lack of the dermal component. Thereafter, skin equivalents that were 
composed of both epidermis and dermis elements have been developed on the basis of a three-
dimensional scaffold. As a substitute for normal skin in vivo, these models have been used in various 
fields of skin biology, pharmacotoxicology and also as a replacement for human skin in clinical 
applications[4-7]. Several biomaterial scaffolds have been applied as a dermal equivalent to develop 
more efficient skin equivalents. These biomaterials should be biodegradable, repairable and able to 
support the reconstruction of normal tissue, with similar physical and mechanical properties to the skin 
it replaces. It should provide pain relief, prevent fluid and heat loss from the wound surface and protect 
the wound from infection. It is also of great advantage if the skin substitute bio-construct is cost-
effective, readily available, user-friendly and possesses a long shelf life. However, most of the skin 
equivalents realized contained exogenous materials in the dermal equivalents, such as bovine 
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collagen [8, 9], human allogenic dead dermis [10], synthetic polymers [11], these substances are 
expensive, difficult to obtain and are a source of infections, and not mimic the real structure of dermal 
tissue. So in the gold standard skin in vitro, the ultimate goal is the development of the skin in vitro, 
while preserving all its constituents' spatial and functional three-dimensional relations as well as 
cosmetic properties [12]. To satisfy this targets we developed a 3D human skin equivalent completely 
made of endogenous ECM in dermal and epidermal part. Moreover it presents a thickness close to 
that one of native dermis and it does not undergo significative shrinkage during culture time. 
Interestingly the model proposed can be built by using both fibroblasts and keratinocytes from the 
same patient 
 
MATERIALS AND METHODS 
Fabrication of 3D Human dermis equivalent 
Exogenous collagen model (3D DEn) 
Seed 1×106 human dermal fibroblast (HDF) in 10 ml fibroblast culture medium to a 
standard 10 cm2 cell culture dish so that they are almost confluent 1 day before 
incorporation into the collagen type I from bovine skin (Sigma Aldrich), and change 
the medium every 2 days. 
After the fibroblasts have been passaged once from the frozen state, they will reach 
confluence in 3 days. The day of incorporation, prepare the acellular collagen mixture 
on ice, mixing 8 parts of chilled collagen solution with 1 part of PBS10X. Use chilled 
pipets to prevent warming of collagen when it is mixed and avoid creating air bubbles 
when mixing. Collagen should be a transparent to matt color to ensure optimal 
gelation. If the color is not this , add a single drop of sodium hydroxide and check the 
pH is about 7,2-7,6. At this point add 300 µl acellular collagen matrix to each 6-well 
tissue culture plate insert. Ensure that the gel coats the entire bottom surface of the 
insert and allow it to gel 50 min in incubator. In the waiting time you can trypsinize the 
fibroblasts with trypsin/EDTA, count viable cells in an aliquot and resuspend the 
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fibroblasts to a final concentration of 1,2 × 105 cells/ml. then a total of 9,6 × 105 
fibroblasts will be used per 8-well plate. Prepare the cellular collagen mixture on ice, 
adding the reagents in the order that show above and mix with cells , so that the cells  
will not be damaged by the acidic pH of the un-neutralized collagen. It is important to 
neutralize the collagen so that the cells will not be damaged by the acid pH that 
exists before neutralization. 
 
Endogenous Biohybrid (3D DEn) 
Spinner cell culture: macroporous gelatin microbeads were obtained by using a 
double emulsion technique. Glyceraldehydes has been used as gelatin crosslinker at  
4% and 5% w/w of the microbeads, different percentage has been used in order to 
modulate microbeads degradation. The microbeads/fibroblasts cultures were 
propagated in spinner flasks (100ml, Bellco) for 96 hours, the stirring mode was set 
at 30rpm, 30 minutes pause and 5 minutes running, for the first 6 hours of seeding; 
continuous stirring for the following hours of culture. The spinner cultures were 
incubated at 37°C in 5% CO2. 
 
Tissue equivalent assembly: tissue precursors obtained by previous step have been 
injected in maturation chamber to allow their molding in disc-shaped construct (1 mm 
in thickness, 11 mm in diameter) . After 4 weeks of culture, under dynamic 
conditions, the bio-hybrid obtained has been removed from the maturation chamber 
and seeded with keratinocytes in order to obtain the epithelial layer. 
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Keratinocyte and fibroblast extraction from foreskin  
Day 1: separation of dermis from epidermis 
Skin sample derived from reduction surgery with the informed consent of the patient. 
Take some ml of the transport solution as sterility control and incubate it in a culture 
flask over night at 37°C. Rinse the biopsy 3 times with PBS, remove the PBS but 
leave a little bit to avoid the biopsy to run dry. Remove hairs from the top and all fat 
and tissue remnants from the bottom side (the better you remove the fat/tissue 
remnants from the bottom side the easier the separation of dermis from epidermis will 
be the next day).Rinse with PBS again, till the PBS stays clear (about 3 times). 
Determine the size of the "purified" skin (important for the amount of enzymes 
dispase needed; do not determine the size before having removed all the fat because 
the skin will enlarge after the tissue remnants are removed). Cut skin into strips of 
about 3mm width. Transfer strips into new small petri dish, wash with PBS (important: 
do not use PBS with calcium and magnesium at this step). Incubate skin strips with 
Dispase solution (2U/mL; about 5-10 ml for 6cm² of skin) that all strips are covered 
with it; incubate over night for 16h to 18h  
Day 2: fibroblast, endothelial and keratinocyte extraction 
Check sterility control for contaminations; prepare 2 petri dishes with PBS (one for 
dermis, one for epidermis) Check after 16h if epidermis has removed from dermis 
(You can see this at the edge where epidermis is partly detached from dermis. If so: 
stop digestion by transferring skin strips to PBS; if not: incubate for 2 more hours; do 
not incubate the skin strips for more than 20h in Dispase as this will strongly harm 
your cells). After transferring the skin strips to PBS, wash them once to stop the 
Dispase reaction. Separate epidermis from dermis with tweezers, store both parts 
separately in the prepared petri dishes. 
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If needed: dermis can be used for extraction of microvascular endothelial cells and 
fibroblasts. Indeed you can scrape eight times on the both surfaces of dermal piece 
in PBS solution of and in this way you obtained the endotelial cells. Centrifuge 5 min 
1200 rpm and resuspend the cell in Vasculife + Pen/Strep solution and count cells. 
Seed cells into flasks: 8*10³ cells per cm²and change the media after 2 day. 
Vasculife® Basal Medium +10%FBS. Cells were maintained at 37°C in humidified 
atmosphere containing 5% CO2.  Moreover you can take the dermal pieces remain 
and cut in small pieces and put in 30ml collagenase A solution (ROCHE) at 
concentration of 2mg/ml for 40 minutes at 37°C. After stop the collagenase solution 
with FBS and centrifuge 5 min 1200 rpm and resuspend the piece in a little volume of 
EMEM. Eagle’s BSS Minimum Essential Medium containing 20% fetal bovine serum, 
100 mg/mL L-glutamine,100 U/mL penicillin/streptomycin, and 0,1 mM Non Essential 
Amino Acids). In this in this way occurs the migration of fibroblasts on the surface of 
the petri . 
Wash epidermal parts with PBS. Cut epidermis into small pieces, they should be 
about 4mm). Transfer pieces into preheated in 5mL 0,05% Trypsin/EDTA, wash petri 
dish with another 5 mL Trypsin/EDTA and transfer it to the tube- Incubate 
Trypsin/EDTA (with cutted epidermal pieces) for 5 min at 37°C water bath, vortex 
shortly every 1-2 min (important: the water bath temperature has to be 37°C, 
therefore do not place large cold flasks into it as this would reduce the temperature). 
Stop enzyme reaction by adding 1 mL FBS. Resuspend solution for 5 min (plastic 
single-use pipette) to separate cell clumps Strain solution by transferring it to new 
tube through cell strainer. Use the same pipette with prepared 10 mL PBS solution to 
wash the tube, the single-use pipette and finally transfer solution through cell strainer, 
too. Centrifuge: 5 min 1200 rpm. Resuspend cells in colture media and count cells. 
Seed cells into flasks: 8*10³ cells per cm².Important: full medium change after 4 h 
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(prepuce) or 24 h (adult skin); after 3 days 2nd medium change (cells should feature 
characteristic morphology now). Let cells culture up to 80% confluency before 
freezing (not more as keratinocytes will start to differentiate). Usefull notes to take 
during cell extraction: age of donor, gender, amount of cells extracted. Freezing of 
keratinocytes: colture media+ 20% FBS + 5% DMSO 
Procedure 1: feeder layer tissue colture 
1 week before the keratinocytes extraction is necessary to cultivate NIH 3T3 in 
DMEM low glucose plus or 10% fetal bovine serum. BD™ Collagen I, rat tail, may be 
gelled onto coverslips or tissue culture dishes, or used as a thin coating for cell 
attachment, and NIH 3T3 may be cultured on top of the gel that is prepared in this 
manner:  
 the final volume of BD Collagen I rat tail solution may be used for one plate is 8 ml , 
and the final collagen concentration is 5 µg/ml. Place on ice a sterile tube of 
sufficient capacity to contain the final volume of BD Collagen I rat tail .add to the 
tube the following volume of 10X PBS:  
 Final Volume /10 = mL 10X PBS 
Calculate the volume of BD Collagen I, rat tail, to be used (do not add to the tube 
until step) 
Final volume x Final collagen concentration in mg/mL / Concentration in bottle (see 
lot specific spec. sheet) =  volume collagen to be added  
Add to the 10X PBS the following volume of sterile ice cold 1 N NaOH (volume 
collagen to be added) x 0.023 mL = volume 1 N NaOH  
Add to the 10X PBS/1 N NaOH the following volume of sterile ice-cold dH2O: (Final 
volume) - (Volume collagen) – (Volume 10X PBS) - (Volume 1 N NaOH) = Volume 
dH2O to add Mix the contents of tube and hold in ice.  
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 Add the calculated volume of BD Collagen I, rat tail, and mix. Leave on ice until 
ready for use. The BD Collagen I, rat tail, solution can be used immediately or held 
on ice for 2-3 hours.  
 When ready to use, aseptically deliver the solution into the cell culture device and 
allow to gel at 37°C for 30 minutes. 
Preparing the NIH 3T3 cells for use as a feeder layer 
Once plate is confluent, treat with 10 µg/mL mitomycin C in complete medium for 2 
hrs at 37oC.After treatment, wash plate with medium without serum at least 3 times, 
aspirating after each wash. Split the 3T3 cells by adding trypsin/EDTA; aspirate after 
30-40 sec, incubate another 30 sec at RT, tap the plate to dislodge the cells, and 
resuspend them in complete medium. Spin the cell suspension down to obtain a cell 
pellet. Pellets can be used as feeder layers immediately, or The 3T3 cells must be 
used as feeder layers or frozen down within 2 days of being treated with mitomycin C 
Splitting the feeder layer/epithelial plate: 
Once the epithelial cells on the plate are 70-75% confluent, aspirate off medium and 
wash with pre-warmed 0.02% EDTA (0.68mM) in 1x PBS. This wash should be 
performed fairly rapidly and is done to remove the NIH 3T3 cells, but leave behind 
the epithelial cells. The EDTA wash is done ten times by pipetting 10-12mLs directly 
onto the cells on the outer perimeter of the plate, while rotating the plate. Then using 
this same EDTA again, do the same for the inner half of the plate cells. Aspirate off 
the EDTA from the previous washes, and repeat the 0.02% EDTA washes for the 
inner and outer halves of the plate. This makes a total of 40 washes. This EDTA 
wash protocol is for human keratinocytes, other cells may be less strongly adherent 
and the number of washes may have to be modified. Aspirate off the EDTA and  look 
at the cells under the microscope and verify that all of the NIH 3T3 are washed away, 
if they are not then more EDTA washes should be performed. Trypsinize the 
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epithelial cells using their normal protocol (for keratinocytes trypsin 2 minutes RT, 
aspirate off the trypsin and then incubate for 5 min at 37oC, tap plate, resuspend in 
DMEM/F12).  Epithelial cells should be plated back onto mitomycin C treated feeder 
layers in low density (250000 cell for a 100mm plate). 
In this same way you can detach the epithelial cells and add it on  the 3D organotypic 
colture with collagen matrix or on the our dermis equivalent sample. Moreover, the 
technique named “feeder layer/epithelial plate” is more used when the extraction of 
keratinocytes is done in the medium F12/DMEM that contain grow factor that sustain 
the grown of epithelial cell only on the NIH 3T3 feeder layer.  
The composition of medium contain: 
 
Table 1.: supplements for feeder layer/epithelial plate co-colture media 
Procedure 2: keratinocytes monoculture 
The choise of colture medium is crucial in order to obtain subculture of 
undifferentiated keratinocyte. For this reason we used the media KGM™-2, 
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convenient and easy to use. It is based on an optimised formulation and is serum-
free. The growth medium contains the base medium, separate vial of calcium 
chloride and other  supplement mix that are: BPE (bovine pitutary extract), hEGF, 
insulin (recombinant human), hydrocortisone, GA-1000 (gentamicin, amphotericin-B), 
epinephrine, transferrin. The formulation is optimised for initial seeding of 5000 cells / 
cm² up to subconfluence. Feeder-layer, extracellular matrix substrates or other 
substances are not necessary 
 
Fabrication of human skin equivalent  
Realization of epidermis layer 
Dilute human fibronectin ( Sigma Aldrich ) in sterile balanced salt solution e 
concentration of 50 µg/ml than coat the dermis equivalent and cellular collagen 
matrix surface with a minimal volume( about 50µl for single well). Allow to air dry for 
at least 45 minutes at room temperature.Wash the keratinocyte 3 or 4 times with 
PBS/EDTA 0.01M leaving in contact for a few second and after, trypsinize 
keratinocyte colonies with trypsin/EDTA for 5 min at 37°C to obtain a single cell 
suspension. Once cells have detached, gently resuspend them in keratinocyte media, 
count cells and add the appropriate number of cells to a 15-mL tube so that there will 
be enough cells (400,000 cells/insert) to seed onto the desired number of inserts. 
Centrifuge at 1200rpm for 5 min and. At this time, the cells can be seeded directly 
onto the dermis equivalent and contracted collagen gels; resuspend the 
keratinocytes so that they are in the small volume needed for plating onto the matrix. 
It is important to resuspend cells in a small volume as 400,000 cells will be seeded 
onto the small surface area of the connective tissue (1.2 cm diameter). This is 
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performed by using a sterile, plastic 200-µL pipet to add 50 μL keratinocytes media to 
the 15-mL tube per 400,000 keratinocytes present. Gently dislodge the cell pellet and 
transfer it to a 1.5-mL sterile Eppendorf tube with a 1-mL plastic pipet. Gently 
resuspend the cell pellet in the eppendorf tube with a 200-μL pipetman until it is 
cloudy and well suspended and transfer 50 μL of the cell suspension to the center of 
the dermis equivalent and contracted collagen gel. Do not touch for 10 min to allow 
cells to begin to attach. Incubate at 37°C for 40–80 min without any media to allow 
the keratinocytes to fully adhere. At this point, in reference to the procedure used, the 
operator must continue to use the culture media related.  
 
 
Figure 1.: fabrication of human skin equivalent 
 
Procedure 1 
Add Epidermalization I medium to each insert, adding a volume to the bottom of the 
well and after a volume gently into the insert on top of the keratinocytes. Incubate at 
37"C. Feed each culture with medium every 2 days with appropriate HSE culture 
media as follows: 
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a. Day 4: Add a volume Epidermalization II medium. 
b. Day 6 until termination of the experiment: add a volume Cornification medium to 
the bottom of the well so that the insert just contacts the medium every two days. 
Aspirate medium from the inside of the insert so that tissues can be grown at the air-
liquid interface. 
 
 
Table2.: supplements for HSE Organotypic Media 
 
To obtain DMEM low glucose and FBS without Calcium we used Chelex 100 (Sigma 
Aldrich) 
 
Procedure 2  
With this kind of procedure the time colture, modality and media are different to 
obtain HSE Human Skin Equivalent model, indeed the procedure is: add KGM gold 
media by adding before a volume to the bottom of the well or maturation chamber in 
plate and the rest of volume gently into the insert top of the keratinocytes and 
incubate cultures at 37°C (Fig. 1), Cultures are fed every 2 d in the following manner: 
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a KGM gold media: 3,5 ml for first 6day and change media every 2 day (submerged 
condition); b. cultures are raised to the air/liquid interface by adding only 1 ml to the 
bottom of the well so that the bottom of the insert just contacts the interface with the 
media. Additional feedings with KGM2 media without EGF and PTB but with CaCl2 
concentration of 1.88 mM media are performed for 6 day.  
 
Analyses of ECM: histologies and immufluorescences 
Over the entire culture in submerged  and air liquid condition, 3 sample were 
collected at day 6,12 and 18 for understand the morphology of tissue and the 
morphogenesis of the epidermal differentiation using histological and 
immunofluorescence technique. Indeed some samples will be included in paraffin 
and others in Tissue tek Killik (BiO Optical). Gently rinse organotypic collagen matrix 
cultures and our samples twice in PBS. Using a scalpel, cut away the insert 
membrane from the plastic insert, while for the our samples, using the thin palette, 
detach the sample from metallic grid and after were fixed in a solution of 10% neutral 
buffered formalin for 24h, but only samples that must be embedded in paraffin. The 
samples that will be included in Tissue Tek are fixed in 4% paraformaldehyde for 30 
min at room temperature, wash them in PBS and after can be placed into a sucrose 
2M solution that was prepared in water. Tissues should be soaked with sucrose at 
room temperature not more than 24h; this part of procedure is more important for 
frozen preservation. Indeed we discarged the sucrose 2M and place the sample in 
the Tissue Tek Killik in the suitable mold named Peel-A (Ted Pella INC) that we 
submerge in liquid nitrogen vapors for 1 min and then move and store in -80 °C. 
The histologies and immunofluorescences are performed on samples embedded in 
paraffin e cut in slice (5-7 µm) with microtome (Thermo Scientific HM 355S) while the 
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samples included in Killiks were cut in slices (5-8 µm) with criomicrotome (Leica CM 
1850) and were used for the SHG analysis of the structures such as collagen and 
elastin. in both procedures the cut of the was oriented so as to view the cross section 
of the samples. Hematoxsilin and eosin and Masson Trichromic stain were performed 
after deparaffination and hydratation of the sample, finally the sections were mounted 
with Histomount Mounting Solution (INVITROGEN) on coverslips and the 
morphological features of constructs were observed with a light microscope 
(Olympus, BX53) FIG. Furthermore, Keratin 10, keratin 14, P63, involucrin, loricrin, 
fillagrin epitheliar markers were performed using respectively: keratin 10 polyclonal 
antibody (diluition 1:500; Covance), keratin 14 polyclonal antibody (diluition 1:1000; 
Covance), Anti-p63 monoclonal antibody (diluition 1:50;abcam), involucrin 
monoclonal antibody (diluition 1:400; Sigma). loricrin polyclonal antibody (diluition 
1:1000; Covance),anti-fillagrin polyclonal antibody (diluition 1:200; Sigma). Moreover 
fibronectin, and laminin dermal markers were performed respectively : fibronectin 
monoclonal antibody (Sigma) and Anti-laminin polyclonal antibody (Sigma) Every 
antibody monoclonal were produced in mouse and the polyclonal antibody were 
produced in rabbit. The secondary antibodies that we used were: Alexa Fluor 546 
mouse anti-rabbit IgG (H+L) (diluition 1:500; Life technologies), Alexa Fluor 488 
mouse anti-rabbit IgG (H+L) (diluition 1:500; life technologies), Alexa Fluor 488 goat 
anti-mouse IgG (H+L) (diluition 1:500; life tecnologie), Alexa Fluor 546 goat anti-
mouse. IgG (H+L) (diluition 1:500; life technologies) The nuclear stain was 4',6-
diamidin-2-fenilindolo (DAPI). Fundamental for the success of the immunostaining 
protocol is the pretreatment called unmasking with heat that is able to induce epitope 
retrieval. Indeed, place a 1L glass (Pyrex) beaker containing 500 mL of 0.01 M citrate 
buffer (Bio Optica) on a hot plate. Heat the buffer solution until it boils. (This step may 
be prepared before slide deparaffinization, as the buffer may take several minutes to 
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boil). Put the slides in a slide rack and place in the beaker with boiling buffer. Keep it 
boiling for 15 minutes.  After heating, remove beaker from the hot plate and allow it to 
cool down for at least 15-20 minutes at room temperature. Rinse slides with PBS and 
begin the immunostaining protocol. Finally the sections were mounted with fresh 
buffered glycerol on coverslip and seal with nail polish and the morphological 
features of constructs were observed with a fluorescence microscope (Olympus, 
BX53). 
 
RESULTS AND DISCUSSIONS 
Morphology of 2D keratinocytes coltures  
In this work we have explored different keratinocytes culture condition in order to find 
the method more efficient for our aim. Two major approaches are currently used for 
in vitro tissue engineering of the epidermis. The older technique of Rheinwald and 
Green (1975)[13], described in materials and methods and tested in the first time is 
based on the use of a serum-containing medium and of a feeder layer of mouse 
fibroblasts NIH 3t3 treated with mitomycin C. However the methods for in vitro culture 
of the keratinocytes co-coltures, have evolved until now and require: coating of 
culture surfaces with rat tail collagen I or fibronectin found in the extracellular matrix. 
These methods simulate in vivo conditions since collagens or extracellular matrix 
proteins serve as a substrate for keratinocytes growth [14,15]. The morphological 
result of cells in this first approach is shown in the figure 2, indeed the image (A) 
reports the typical morphology in petri of NIH 3t3 with collagen coating and image (B) 
is shown the morphology of NIH 3t3 treated with mitomycin C, a potent DNA 
crosslinker, act to stop the proliferation cell. Is evident that the cells treated with 
mitomycin have a large nucleus and a irregular morphology in which disappears the 
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bipolarity typical of the fibroblasts and also the volume of the cytoskeleton is 
increased. [13] 
 
 
Figure 2.: procedure 1: 2D keratinocytes coltures on NIH 3t3 feeders layer. (A) NIH 3t3 on the 
coating collagen (scale bar 200 µm); (B) NIH 3t3 treated with mitomycin C (scale bar 
100, 5 µm); (C, D,E) keratinocytes on theNIH 3t3 feeders layer (scale bar 100, 50, 5 
µm) 
 
Images (C,D,E) show the co-coltures of keratinocytes on the feeder layer of NIH 3t3 
previously treated with mitomycin C. Is possible to observe that in the first four day of 
co- coltures the keratinocytes start to grow and invade the space between the NIH 
3t3 in order to obtain the circles in which the keratinocytes assume the typical 
morphology called "brick stone"  
The second approach relies on serum-free media, in the absence of a feeder layer. 
The presence of mitomycined feeder cells and/or serum can be a confounding factor 
in keratinocyte cultures, when used, for example, for experimental research on 
malignant transformation of keratinocytes, testing of potential cytotoxic agents, or 
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keratinocyte biology. For this reason, many investigators have tried to avoid using 
feeder cells and to reduce the amounts of serum and additives. In figure 3A colture of 
keratinocytes on petri in absence of feeder layer is shown and in particular the image 
3(A,B) it is evident the typical morphology of cell, the regular shape and is more 
important that the cells are not large but small and regular, this is sign of 
undifferentiated state of keratinocytes. This second approach also offers the 
important advantage of modifying media selectively for culturing a particular cell type, 
such as melanocytes Indeed is evident in the images 3(C,D) the presence of 
melanocytes that are recognizable due to their starry morphology and dendrites 
(highlighted by the black arrow). Moreover variable concentrations of calcium in the 
culture medium play a vital role in the growth and differentiation of keratinocytes. In 
Petri the calcium concentration is 0,06mM and increasing calcium concentration is 
accompanied by an increasing level of keratinocyte differentiation, as evidenced by 
increasing numbers of formed desmosomes and by the formation of multilayers and 
sheets of cells [16,17]. Moreover the complexbiologic extracts such as bovine 
pituitary extract that is a source of putative mitogens and growth factors [18]. 
Maximal keratinocyte growth stimulation was observed with the combination of just 
EGF, insulin, and hydrocortisone. The following ingredients were added to improve 
the culture media and to facilitate keratinocyte sheet formation: insulin (to promote 
the uptake of glucose and amino acids), and transferrin (to detoxify iron); 
hydrocortisone (to promote the attachment of cells and cell proliferation). Further 
advances allowed keratinocytes to undergo up to 40 cell divisions [19]. Results with 
these methods are now approaching those achieved by the use of fibroblast feeder 
layers. Indeed by this method, keratinocytes can undergo about 50 to 60 population 
doublings if cultured from neonatal foreskin. 
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Figure 3.: 2D keratinocytes without presence of the feeders layer. 
(A) keratinocytes (scale bar 200 µm); (B) keratinocytes 
(scale bar 20 µm); (C,D) kerarinocytes around the 
melanocytes underlined with black arrow (scale bar 10 ) 
 
This number gradually declines with donor age [20]. Translating the number of 
doublings to area indicates that cultured keratinocytes can be expanded to form 
sheets up to 10,000 times larger than the original biopsy site. Furthermore primary 
cells allow for the evaluation of differences in the epithelial maturation depending on 
the phototype of the donor, and the anatomical location of the tissue of origin. 
However, primary cells have a limited life span, and cannot be expanded to the large 
amounts that may be needed to generate multiple reconstructs needed for statistical 
analyses [20].  
 
Morphologic development by histological and immunofluorescence 
analysis of 3D Human Skin in vitro: keratinocytes seeded on 
exogenous collagene (3D DEx) and endogenous dermis (3D DEn). 
 
Histological and immunofluorescence analysis were conducted to observe tissue 
structure and marker localization of cells in organotypic culture. In figure 4, the 
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epidermis is grown on 3D DEx by using keratinocytes extracted from breast, 
cultivated in 2D systems with NIH 3t3 feeder layer (Procedure 1), and finally seeded 
on the 3D DEx. Hematoxylin and eosin staining in fig. A highlighted the epithelial and 
dermal compartments but there are not sign of stratification and cornification in the 
constructs. This result is confirmed by immunofluorescence analysis of Keratin 10 
and 14 in fig. 4C,D that shown the absence of signals. Indeed in figure B we can see 
only a cellular cake on the collagen but no presence of nucleus with different shape 
that indicated the cell differentiation 
 
 
Figure 4.: histological section with thick 5 µm of human skin equivalent with exogenous collagen 
at 12
th
 day. (A) hematoxilin and eosin; (B) in blu is shown nucleus staining named DAPI; 
(C) immunofluorecence with anti-K10; (D) immunofluorescence with anti-Keratine 14. 
(all the scale bar are 100µm) 
 
The morphologic development of our human skin equivalent model is shown in 
figures 5 and 6. Due to the histological analysis, in particular hematoxylin and eosin 
and Trichromic Masson stains at the 4th, 6th and 12th day, we can observe the growth 
and differentiation of the epithelial layer. Indeed we observe keratinocytes grown 
directly on 3D DEn for 4 days (Fig 5-6 A,B,C), 6 days (fig 5-6 D,E,F), and 12 days (fig 
5-6 A,B,C). Early epithelial development, highlighted by a thin epithelium, has been 
observed while tissue is still submerged in Epidermalization I medium (fig 5-6 A,B,C). 
In figure 5-6 C the high magnification highlights three layer of cells having still nuclei. 
The epithelium demonstrates a greater degree of tissue architecture and 
organization, with the presence of cuboidal basal cells. Indeed when we change the 
media into Epidermalizzation II it is possible to note the continuous stratum of 
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keratinocytes and also the beginning of vertical differentiation (fig 5-6 D,E,F). Full 
morphologic differentiation and stratification have been observed after cells are 
exposed to the air-liquid interface for 6 days. Indeed in the image 5 I, we can observe 
a different color of eosin on the epithelial tissue that indicates a different protein 
composition of tissue. Also in the image 6 I it is possible to note the red fuxin color of 
the epithelial tissue and in particular of corneum stratum and the completely 
cornification of cells that don’t present the nucleus. Since in vivo epidermal cells grow 
on the basement membrane and are exposed to air, in vitro epidermal differentiation 
is maximized by the elevation of this skin equivalent to the air-liquid interface [21].  
 
 
 
Figure 5.:Hematoxylin and eosin of histological section with thick 5 µm of skin equivalent with 
endogenous dermis (biohybrid) during the 4
th
, 6
th
 and 12
th
 day of cell culture in 
corresponding of the culture media change. Scale bar in the first line ( A,B,C ) is 200 µm, 
in second line ( D,E,F )100 µm and in third line ( G,H,I ) is 50 µm, where the black arrow 
indicates the epidermal cisty-like 
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When keratinocytes are grown under submersion conditions (as ordinary cell culture) 
they are not able to synthesize some keratin polypeptides. So their differentiation 
results uncompleted because the culture microenvironment used, imposes on 
epidermal cells conditions drastically different from those existing in vivo. Moreover in 
figure 5 G,I and 6 G black arrows highlighted epithelial inclusions in the dermis of 
keratinocytes. Indeed Epithelial cyst like inclusions are present in dermal portion 
contained keratinocytes resembling a stratified squamous epithelia where keratin is 
present in the inner part of cysts [22]. 
 
 
Figure 6.: Masson trichromic staining of histological section with thick 5 µm of human skin 
equivalent with endogenous dermis during the 4
th
,6
th
 and 12
th
 day of cell culture in 
corresponding of the change culture media. Scale bar in the first line ( A, D, G ) is 
200µmand epidermal inclusion are indicated with black arrow, in second line( B, E, H ) 
100 µm and in third line ( C, F, I) is 50 µm. 
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To evaluate the capacity of primary keratinocytes to generate a correct epidermal 
tissue on our tissue-engineered dermis we detected the epidermal markers by 
immunofluorescence analysis. In the figure 7 are shown morphologic evolution of the 
single markers of each layer that build the epithelial tissue starting from the basal 
layer to the spinous stratum. Indeed in the first line DAPI/K14 ( A, D,G ) of the figure 
7 is shown that K14 is expressed in the spinous layer only in submerged culture 
conditions, because in air liquid interfaces condition the differentiated keratinocytes 
expressed k10 as highlighted in the images of the third line DAPI/K10.  
 
 
Figure 7.: immunofluorescence analysis of histological section with thick 5 µm of human skin 
equivalent with endogenous dermis during the 4
th
, 6
th
 and 12
th
 day of cell culture in 
corresponding of the culture media changes. First line shows in blu the nuclear 
staining with DAPI and in red Keratine 14; second line shows in green the 
transcriptional factor P63 localized only in basal layer and in red keratine 10, white 
arrows indicate the empty in the signal of keratine 10 that indicate the presence of cell 
differentiated; third line shows the nucleus stain with DAPI in blu and in red is shown 
the presence of keratine 14 (A;B,C scale bar 100µm); (D,E,F,G,H,I scale bar 50µm)   
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The central line P63/k10 ( B, E, H ) shows the correct morphological development of 
the tissue, indeed the layer most proximal to the dermis is the cell germinal layer as 
highlighted by the expression of transcriptional factor p63 in green. Moreover the 
cells continued to proliferate and maintained p63 expression in the basal layers after 
1 week at the air liquid interface condition. Furthermore it is possible to note in the 
line DAPI/K10 (C, F,I ) the presence of red signal of K10 only around differentiated 
keratinocytes of the suprabasal layer of the epidermal and the white arrow indicate 
the empty space occupied of keratinocytes not cuboidal [23] 
In figure 8 is shown the terminal differentiation of cell in equivalent skin at 12th day in 
air-liquid interfaces condition by immunofluorescence analysis. Loricrin showed a 
staining in the granular layer in figure 8 A, while the involucrin expression in red in 
figure 8 C was restricted to cells of the granular and cornified layers, and it is 
involved in the crosslinking of cell membrane proteins in keratinocytes during 
terminal differentiation [22,23].  
 
 
 
Figure 8.: immunofluorescence analysis of human skin equivalent with endogenous dermis at 
the 12
th
 day in air liquid interface condition. (A) in blu is shown DAPI staining and in 
red loricrin in granular layer. (B) in green is shown the filaggrin in corneum layer ; 
(C) in red is shown the presence of involucrin in granular and part of corneum layer. 
( all scale bar are 100µm ) 
 
Diffuse filaggrin staining was present in the corneumn stratum in air liquid interface 
condition, which indicate a correct terminal differentiation of epitheliar layer. The 
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expression of this marker evidence the ability to respond to complex 
microenvironments including dermal tissue engineered stroma and basal layer.  
 
Morphologic development by histological analysis of Gold Standard 
3D Human Skin in vitro. 
The last results obtained about 3D human skin equivalent by using the extraction and 
cultures in 2D of keratinocytes descried in Procedure 2 were positive on both models 
of dermis (3DEn and 3DEx). In particular the formulation of crosslink microbeads 
chosen for this experiment is 4% that, as described in chapter 1 is the best to obtain 
an equivalent dermis completely made with endogenous ECM, in which the micro 
beads will degrade leaving space for the formation of new endogenous extracellular 
matrix . Furthermore also the extraction and 2D colture procedure is able to preserve 
the keratinocytes differentiation and the proliferation of melanocytes is stimulated. 
Indeed in macro image showed in figure 9 brown pigmented spots could be seen  on 
the skin equivalents containing melanocytes, after 8 days incubation beneath the 
medium in the CO2 incubator.  
 
 
Figure 9.: brown appearance of the tissue-engineered skin containing melanocytes 
pigmented spots could be seen; (A) brown spot on 3D DEn; (B) brown spo on 3D 
DEx 
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This result is evidence in our 3D DEn (fig. 9A) model that in 3D DEx model (fig. 9B), 
but in 3D DEn model the intensity of color indicate that the melanocytes were raise 
onto air-liquid interface, while in the 3D DEn model the melanocytes is conceivable 
confined in the basal layer as in the native tissue [24]. Moreover, are in progress 
immunological assays to verify the presence of epithelial markers. 
 In figure 10 we can see histological analysis with hematoxylin and eosin stain ( fig. 
10 A, B, C) and Masson Trichromic stain (fig. 10 D, E, F ), of human skin equivalent 
by using fibrillar collagen cellular such as a stroma (3D DEx). It is possible to observe 
in all images a large epidermal tissue, about 150 µm, and it is composed of about 5 
or 7 layers of keratinocytes well differentiated. In image B and C we can distinguish a 
basal layer of cuboidal keratinocytes and a different intensity of eosin color that 
indicates the presence of melanocytes in epidermal layer.  
 
 
Figure 10.: histological analysis of cross section of human skin equivalent with exogenous 
collagen. (A, B,C) hematoxylin and eosin staining; (D,E,F) masson thricromic 
staining  
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In some parts of tissue we can observe a detach of epidermal equivalent tissue from 
dermis equivalent tissue and this could means un-complete morphogenesis 
development of basal layer. Furthermore in figure 10F we can observe the terminal 
corneus stratum of epithelial tissue and the absence of the cellular nuclei that 
indicate the keratinization of the cells.  
In figure 11 is shown histological analysis with hematoxylin and eosin stain (fig. 11 A, 
B, C) and Masson Trichromic stain (fig. 11 D, E, F ), of gold standard human skin 
equivalent obtained on a like dermis as endogenous ECM ( 3D DEn)  
In detail the figure 11 A shows a large epithelial tissue, about 150 µm and in dermis it 
is possible to observe epithelial cyst-like inclusions as in equivalent skin described in 
fig 5, 6. Moreover in fig. 11 B is shown (black arrow) an introflection of basal layer of 
keratinocytes that has the shape and organization similar to an hair bulb, indeed the 
keratinocytes in periphery, or rather proximal of the dermis compartment have a 
cuboidal shape and in center of channel is possible to see a cell differentiation in 
which cells thrown out the keratin [25]. This phenomenon has been observed only in 
this type of dermis equivalent among those produced, probably because the surface 
of the 3D DEn is open and in the ECM there are no microbeads which hinder the 
penetration of keratinocytes and their organization in a such structure. From the 
biological point of view it is possible to assumed a better interaction between an 
extracellular matrix completely produced by fibroblasts in which there are all the 
components that constitute also the native tissue. Indeed, cell–cell and cell–matrix 
interactions either to accelerate biointegration in surgery application [1].  
The reason of this progress is that the keratinocytes from the culture medium and 
from substrate that hosts them receive all the factors necessary for a correct 
morphogenesis of epithelial tissue [26] Furthermore in all images of the figure 11 we 
can note that the epithelial tissue covers the superficial of equivalent dermis and it is 
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present a different intensity of eosin color that indicates the different protein 
composition of epithelial tissue. Indeed in the figure 11 G is possible to distinguish 3 
layer in tissue epidermal: basal layer (cuboidal cell shape), spinouse and granulose 
layer ( elongate cell shape) corneal layer ( without cells). So the mechanical integrity 
of ECM play a fundamental role in the cross talking between different cell lines in 
heterotypic tissues. 
 
 
 
Figure 11.: histological analysis of cross section of human skin equivalent with endogenous 
dermis. (A, B,C) hematoxylin and eosin staining and introction of basal layer was 
indicated by black arrow ; (D,E,F) Masson trichromic staining  
 
Other important result is that the mechanism of skin contraction during the coltures 
time is not present, because in this condition the dermis part has a stable 
morphological development also if the air liquid condition is not the best condition for 
the subsistence of the fibroblasts. Instead this phenomena occur when we combined 
the 3DEX with epidermal layer during colture time [21,27]. Moreover this organotypic 
model can be used both as screening tool and as model for the study of healthy and 
disease skin. 
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CONCLUSION 
The creation of 3D human skin equivalent model proposed in this chapter won intrinsically challenges 
associated with the 3D nature of the organotypic culture, such as insufficient mass transfer in the 
interior regions of large and avascular constructs, inhomogeneous cell seeding, and difficulties in 
regulating distinct behavior of different cell types in the same construct [28]. Our results indicate that 
by setting the optimal conditions for keratinocyte extraction as well as their 2D expansion it is possible 
to preserve keratinocytes capability to differentiate generating a full development epidermal layer, 
leading to the success of the organotypic coltures. The best results we achieved in terms of 3D skin 
equivalent was reached by combining a dermal equivalent made up of completely endogenous ECM 
with keratinocytes cultured in serum-free conditions and without feeder layer during the 2D expansion. 
The ECM can contribute to the microenvironment specifically through its mechanical features, 
providing support and anchorage for cells. Interactions between cells and the ECM are extremely 
important for processes such as normal cell growth and differentiation. Finally, this human skin 
equivalent model can be used for replacing diseased or lost human skin, substitute animals for drug 
screening, and serve as model systems for physiological, pathological, and developmental studies 
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Chapter 5 
3D DERMAL EQUIVALENT HAVING DIFFERENT SHAPES AND 
ITS INDUSTRIAL APPLICATION 
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INTRODUCTION 
Traditionally tissue engineering finds its mayor applications into repair or replace 
portions of or whole damaged tissues [1,2]. As matter of fact, tissue engineering 
knowledge has always been aimed at biomedical applications in which the tissue is 
cultured in vitro up to an intermediate development stage, sufficient to keep its vitality 
after the in vivo transplant, where the final development and formation of the finished 
tissue effectively occurs [3]. However, in the recent years there is a growing interest 
of researchers for an industrial application of this technology. To address this need 
there is the necessity to obtain in vitro bioengineered tissues in a finished form, i.e. 
tissues which may be used for a direct industrial use, without any in vivo passage.  
Since in the last years our group has developed relevant expertise in the engineering 
of 3D thick tissues in vitro, it has been explored the possibility to use our tissue-
equivalent products for applications in the tanning industry. One of the major 
obstacles is obtaining finished bioengineered tissues with a thickness around 1 mm 
suited to the successive industrial applications [4]. Indeed, such a thickness may not 
be obtained through currently available cellular culture techniques, essentially due to 
the difficulty in assuring the nutrients and maintaining the optimal chemical-physical 
conditions for cell proliferation through said tissue thickness [5]. This obstacle has 
been overcome through a bottom-up process to build up the bioengineered tissue 
occurring in two different stages as explained in the chapter 2. In a first stage, a 
product with a small thickness (around 300m) called microtissue precursors µTP is 
prepared starting from a particle supports. In a second stage of the process, a 
plurality of said microtissue precursor (µTP) are arranged in close mutual proximity 
and in cell culture conditions, so as to have a process of tissue repair which 
determines the biological union of the µTP, thus forming the final bioengineered 
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tissue in the desired thickness and shape. Following this approach bioengineered 
tissues having shape of fiber, sheet and “doll shoes” have been produced and we 
demonstrate that they are able to resist the mechanical stresses of a tanning 
process. The possibility to obtain leather by exploiting tissue engineering methods 
meets also the need of consumers sympathetic to animal issues to prefer a material 
having the same properties and features of natural leather, whose manufacturing 
process does not involve the killing of animals. At last, an important goal of using 
bioengineered leather is also to look at ways that can make products that are 
superior to traditional leather. 
 
MATERIALS AND METHODS 
Fabrication of fiber shape 
µTP molding injection in PTFE porous microtube 
This step consists of the injection of the µTP in a micro channel that allows nutrient 
exchange for the cell and geometrical guidance for the tissue growth. The porosity of 
the micro-channel allows the exchange of nutrients and waste products of the cellular 
metabolism between culture medium and cells. Furthermore, the micro-channel 
geometry, meaning a geometric constrain for cell movement, guides cell direction 
and support extracellular matrix organization along micro-channel longitudinal axis. 
μTPs suspension was transferred into the porous PTFE microtube (Markel 
Corporation) or static culture in the cell culture medium, ascorbic acid was added to 
stimulate extracellular matrix synthesis. This microtubes present an inner diameter of 
780 µm and outer diameter of 1050 µm, and they have a wall with a porous surface 
the dimension of the pores is about 6 µm. The system showed in fig. 1 has been 
used to move the cell-seeded microbeads in the microtube. This system consists of a 
body of syringe containing fibroblast seeded microbeads suspension; is connected to 
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a syringe pump.(fig. 1A). The syringe gate is connected to the microtube (fig. 1B). By 
switch on the motor of pump at the 5 ml/min, the cell seeded suspension moves from 
the chamber to the micro tube. The end of the PTFE microtube is connected of filter 
system (fig. 1C) with cut off 110 µm to maintain μTPs suspension inside the 
microtube while the medium can flow through the porous microtube wall and in 
second syringe pump (fig. 1D) that inspire the solution at the rate of 5ml/min.  
 
 
Figure 1.: TP molding injection system 
 
TP “drop by drop” in an open microchannel 
μTPs suspension was transferred from the spinner ﬂask to a 50 ml Falcon centrifuge 
tube and, after settling, as showed in fig. 2 transferred by pipetting (fig.2A) into the 
maturation chamber to allow their molding in wire shape as textile fiber dermal in 
vitro. During the filling procedure, the maturation chamber (fig.2B) was 
accommodated on a device (fig.2 C,D) that was connected with a vacuum pump to 
make the process faster and to assure that any bubble was in the maturation space. 
Finally the assembling chamber was placed on the bottom of a spinner ﬂask and 
completely surrounded by culture medium. The spinner was operated at 60 rpm and 
the medium was exchanged every 3 days 
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Figure 2.: TP “drop by drop” system 
 
Fabrication of sheet shape 
The method for the production of tissue equivalent having sheet shape has been 
describes in the chapter 3, in this case bovine fibroblast at 3 passage have been 
used.. 
 
Fabrication of “doll shoes” 
We obtained the shape of foot by using synthetic paste for modeling as show in 
fig.3A and around it, two metallic grids were envelop that followed the foot shape 
(fig.3B) and between the grids there was silicon slice with thickness of 1 mm. The 
grids were welded under and back the shoes model. After the model was dissolved in 
water and the silicon in trifluoroacetic acid, in this way remain only the grids empty 
with the hollow space (fig.3C) of 1 mm.   
μTPs suspension was transferred with syringe in the hollow space of the maturation 
chamber to allow their molding in doll shoes shape. This system is transferred in 
bioreactor named spinner flask completely surrounded by culture medium. The 
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spinner was operated at 60 rpm and the medium was exchanged every 3 days. At 
the 4 weeks the chamber was open with a cut under the foot in order to obtain the 
upper of the shoes. 
 
 
Figure 3.: maturation chamber component 
 
Morphological analysis of 3D Engineered Tissue 
All tissue have been analyzed by using method reported in the previous chapter 2 
and 3 such as histology and SEM  
 
Textile application 
Vegetable tanning uses tannin that is a class of polyphenol astringent chemical The 
vegetable tanning was performed on the fiber and the doll shoes; the procedure used 
is very similar to the industrial procedures but adapted to the needs of the laboratory 
and to the structural characteristics of our dermis in vitro Indeed with our samples, we 
tanned a piece of leather soaked weight of 45 grams in order to have a mass ratio of 
mass sample tanning sustainable an analytical balance. 
Moreover for mimic the mechanical force of penetration of tanning agents that 
involved the dermal piece we used a cylindrical vessel that turn around on the 
shaking platform as showed in fig 4 
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Vegetable tanning 
 
Substance Tanning agent Greasing agent 
Mimosa light extract from mimosa  
TTP n°2 extract from tara  
Floretan SF  sintetic  
ATG  extract from quebracho  
Kroatan 494  pulishing 
Suntan 170   filler 
Cutamin LSD   unstrain 
Table 1.: chemical component for vegetable tanning 
 
 
Figure 4.: shaker platform for tanned 
 
This process consist in the following steps 
 Add 100% of H2O compared to the wet weight . After in this bath of Pickling 
increases the acidity of the hide to pH4 with addition of 0.8% formic acid 
solution.10% NaCl are added to prevent the hide from swelling. Time is 10 min. 
 At the temperature of 25°C are added 3% Mimosa light (for a time of 15 minutes, 
and after 1% respectively of Cutamin LSD and Sultan 170 at the temperature of 
37°C for a time of 10 minutes. 
 In the second bath at the temperature of 25°C are added 150% of water compared 
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to the wet weight of the sample and 6% ATG,1% of Mimosa light, 4% of TTP n°2, 
4%of Kroatan. Time 2 hours. 
 In the end, the sample is submerged in a water solution of formic acid at the pH 4 
for a time of 15 minutes and after dried and storage at 25°C. The tanning agent in 
this case is a salt of the ion Cr+++.  
 Add 100% of water compared to the wet weight. Increase the acidity of bah about 
3 by using the 1.2% formic acid solution. Still the 10% NaCl are added to prevent 
the hide from swelling. Time of contact is 10 min 
 
Tanned chrome  
Substance Tanning agent Greasing agent 
Cr +++26/33 mineral  
Cr +++sintetic sintetic  
Global Interal G60 sintetic   
Eusapon OC  soap 
Liker soft  + 
Lipoderm N  filler 
Licker EXN  + 
Licker CAR  + 
Table 2. chemical component for tanned chrome 
 
 After pickling, when the pH is low, chromium salts (Cr+++) are added at the 
temperature of 37°C. In detail are addiction the 2% of Sintetic Chrome for 15 
min and after 4% 26/33 Chrome for 15 min and also 4%Chrome 26/33 and the 
2% of Global Interal G60 that is lubricant for other 1h in mixing and after the 
p:iece is left 3h at rest. To fixate the chromium: the pH is slowly increased by 
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using a base ammonium bicarbonate and sodium hydrogen carbonate in over 
night. The process of chromium tanning is based on the cross-linkage of 
chromium ions with free carboxyl groups in the collagen. It makes the hide 
resistant to bacteria and high temperature. The chromium-tanned hide contains 
about 2-3 dry weight percent of Cr3. The day after the sample was wash in bath 
of acid formic and salt at 4 °C for several time (about 3 h) and in the end was 
wash in the running water and Eusapon Oc. 
 The last bath consists of a lubrication to give at the sample the softness and the 
needed touch. Then at the temperature of 45°C add ,in 100% of water 
compared to the wet weight of sample, the 6% respectively of Licker EXN. 
Licker PU, Licker Soft, Licker Car and 1,5% of acid formic for 3 hours and in 
finally wash the sample in cold water and to check that pH is 3,8. 
In addition, the sample was stained with PicroSirius Red (PSR) that ah given a 
red carmine. 
 
Tensile properties measurements.  
From 5x5 mm dermis equivalent tanned were harvested bone dog shaped sample to 
perform the tensile mechanical tests using method reported in the chapter 3. 
 
RESULTS AND DISCUSSIONS 
Tissue-fiber production: µTP injection in PTFE porous microtube vs 
µTP deposited “drop by drop” in an open microchannel 
 
The results reported herein related with the production of a bioengineered tissue yarn by using a 
process in which the µTPs have been induced to assemble in a fiber shape. By arranging in close 
mutual proximity under suitable culture conditions the µTP are able to form a 3D tissue equivalent due 
to their biological union. Two kinds of methods are explored to produce the fibers one is µTP injection 
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in PTFE porous microtube another is µTP deposited “drop by drop” in an open microchannel. Both the 
devices used work as geometric constrain for cell movement, guides cell direction and supports 
extracellular matrix organization along wire longitudinal axis; in this way it is possible to get an high 
density of collagen fiber aligned and arranged along the axis of propagation of the wire so that the 
fiber has the strength necessary to be spun. The diameter of wire could range from 300 µm to 1500 
µm. The production of the fiber by µTP injection in the porous microtube does not allow the fabrication 
of fiber longer than 10 cm (fig.1B) due to the problems of high pressure in microtubes Teflon® (fig.1A) 
causing interruptions along the axis of propagation of the wire. This phenomenon occurs even if the 
tubes of Teflon® have high percentages of porosity on the surface leading to fluid runoff that decrease 
internal pressure. The main constraint of this process is that the flow inside the microtubes is not 
homogeneous because is composite of a solids part (µTPs) and a liquid part as the culture medium 
and for this reason the liquid flows around the µTPs but not carry them in the channel. 
 
 
Figure 1.: TP molding injection. (A) PTFE microchannel in the culture medium at the end 
of TP filling procedure (B) dermis equivalent in fiber shape having 4 weeks of 
maturation culture. 
 
 
 
Figure 2.: µTP deposite “drop by drop”. (A) Open microchannel and system of aspiration 
liquid; (B) dermis equivalent in fiber shape at 4 week of maturation  
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The production of the tissue-fiber by depositing drop by drop the µTP in an open 
microchannel is very simple and by using the vacuum pump the filling procedure is 
faster than the injection of µTP in the porous micro tube. Futhermore, any problem 
due to high pressure conditions is avoided since the microchannel is open. Very 
important for the industrial scale-up of the process, this procedure, potentially allow to 
produce fiber with no limit in length in very few space 
 
Characterization of tissue-fibers 
In both methods, the fibers have the same morphological characteristics. Histological 
analysis with hematoxylin and eosin (fig.3A) shows that fiber is compact since the 
ECM stained in pink is continuous. Along the ECM thickness, microbeads are not 
present anymore. It is possible, only, to note the fingerprint of microbeads 
successively completely substituted by neo-ECM. The distribution of the cells along 
the thickness of the fiber appears homogeneous. Histological analysis with PSR in 
fig. 3B,C shows that fibrils of mature collagen in red (fig.3B) have a preferential 
alignment along fiber’s propagation axis. Indeed, if linearly polarized light is used, bi-
rifractive PSR-stained fibrils will appear dark if they are aligned parallel to the 
transmission axis of either of the two linearly polarizing filters revealing that only 
fibrils aligned along tube axis are red [6]. Flexibility and strength of the tissue depend 
on just these morphological characteristics. ECM analysis confirm the totally absence 
of microbeads (fig. 3E) and along the transversal section (fig. 3D) is possible to note 
that the ECM is very dense and compact. The figure 3F show the ordered orientation 
of the surface in which it is possible to see the collagen fibrils exposed on the 
surface. 
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Figure 3.: analysis of dermis equivalent at fiber shape . (A) hematoxylin and eosin stain on 
the histological section (scale bar: 100µm); (B) picroSirius Red stain on the 
histological section (scale bar 200 µm),magnification (scale bar50 µm);(C) 
picroSirius Red stain on the histological section (scale bar 200µm); (D) SEM 
trasversal section;(E) SEM on the surface; SEM high magnification of the surface 
 
Process versatility: overcoming shape limitations 
In figure 4 it is possible to note how versatile our bottom-up approach is, since tissue-equivalent 
having different shape can be realized. The panel shows each single product (fig. A,D,E,H) and the 
corresponding maturation chamber designed to produce it (fig 4 B,C,F,G). Whereby the only barrier to 
fabricate different shapes is the fantasy and also the capability to build mold having different shape. In 
the fig. 4A is showed a tissue having a shape that we named “doll shoes” that has a thick of 1mm and 
a surface of 13 cm
2
. It is possible to note that tissue has a compact structure with an intrinsic rigidity 
and it is able to preserve its shape without support. By following our strategy it is potentially possible to 
fabricate the upper of entire shoes without need a machine able to assembly and to sew. In the fig. 4D 
is showed the 3D structure of a fiber shape thick 1mm and longer 10 cm but as previous described, by 
using “drop by drop“ method, potentially there are no length restrictions. In fig 4E is showed derma 
equivalent with sheet shape that have a thick of 1mm and a extension surface of 25 cm
2.
. This is the 
larger shape made by means of this technique and it is demonstrated the process adaptability to 
industrial application. At last, the fig.4H show the classical disc shape that we made in lab as bio-
platform application that we described in chapter 2 and 3. This variety of products demonstrates that 
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by means of bottom up approach is possible to achieve automated geometric control of the tissues ’s 
shape for the fabrication of functional complex tissues[7]. This result indicated that by using large 
numbers of µ-TPs the bottom-up approach with molds is able to construct millimeter-thick complex 3D 
structures. µ-TPs are assembled in non-adherent silicon molds with arbitrary shapes. Metallic grid 
close the mold and let in nutrients. 
 
Figure 4.: different shape of dermis equivalent. (A) Dermal Equivalent in shape of doll-shoes 
(B) maturation chamber of the “doll shoes”; (C) open microchannel is the maturation 
chamber used to produce of fiber; (D) D.E. in fiber shape; (E) D.E. in sheet shape; (F) 
maturation chamber to produce sheet shape ;(G);maturation chamber to produce 
disc shape; (H) D.E disc shaped 
 
The primary advantages of this method are rapid production of millimeter-thick 3D 
cell structures, homogeneous cell density, and tissue formation without necrosis in a 
period of less than a week because of the supply of the cell culture medium through 
cavities between and inside of µ-TPs [8,9].  
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Textile application: tanning process 
In the recent years there is a growing interest of researchers for an industrial 
application of tissue engineering technology. To address this need there is the 
necessity to obtain in vitro bioengineered tissues in a finished form, i.e. tissues which 
may be used for a direct industrial use, without any in vivo passage. In order to 
explore the possibility to exploit the dermis-equivalent realized for a textile industry 
application, an optimized tanning process has been performed on tissues realized. In 
figure 5 the macroscopic images of tissue-equivalent tanned by using vegetable 
tannage have been shown. Vegetable tannage is a generic term to define the 
process of making leather by the use of tannins obtained from barks, woods or other 
parts of plants and trees, as distinguished from “mineral tannages”. In particular was 
used a natural extract from heart-wood of quebracho tree which grows in South 
America. Warm soluble Quebracho is rich in condensed tannins.  
 
Figure 5.: Vegetable tannage of D.E and no tannage. (A) fiber with stars was vegetable 
tannage”; (B) disc with star was vegetable tannage 
 
This type of bark give a typical leather color underlined in figure 5A and 5B with star. 
As shown in fig. 5A and 5 B after treatment the tissues are subject to an astringent 
effect caused just by the power of tannin agent. Other tannin that we have used is 
Mimosa light. This substance extract from tree have a rapid penetration followed by 
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high tannin fixation. The combination with other anionic tanning agents such as 
Suntans (Retanin SO), resins and polymers is common practice to enhance the 
finishing of the leather. In general, Mimosa is now the favourite natural tanning agent 
in the use of fast modern tanning systems in pits or drums. The light colour of our 
Mimosa produces light colour leather that camouflages grain defects and improves 
the selection of the finished leather and therefore results in higher quality of the 
leather. The action of these substances as can be seen also in figure 5 give the 
dermis equivalent a compact appearance and moreover is soft to the touch. Also the 
“doll shoes” has been tanned with vegetable tannage (fig. 6A), and moreover was 
color with a acid colorant that give a red color showed in figure 6B.  
80-90% of “vera pelle” leathers in the world are tanned by chrome (also known as 
mineral) tanning. Chrome tanning uses a solution of chemicals, acids and salts 
(including chromium sulphate) to dye the hide. It's a very quick process, taking about 
a day to produce a piece of tanned leather. First the hide is 'pickled' by being left in 
the acid salt mixture, before being placed into the chromium sulphate. All hides then 
come out looking light blue (known as 'wet blue') as show in figure 6 C for equivalent 
sheet shape. After the chrome tanning the product was stained with red colorant and 
the result is showed in figure 6D 
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Figure 6.: tissue-equivalents products tanned and stain. (A)“doll shoes” vegetable 
tanned on the polymeric support (B) “doll shoe”, staining with red acid. (C) 
tissue-sheet tanned with chrome. (D) tissue-sheet, staining with red acid. 
 
It is quite difficult to evaluate what is the best tanning procedure, since the most 
important parameters for evaluation are of subjective nature. We reported Pros and 
Cons of each tanning procedure used in table 1. 
On the basis of considerations regarding the cost and duration of the process we 
choose the chrome tanning 50.000 euro at 1 m2 against 50 euro for 1m2 raw leather. 
In addition, the softness, the impermeability and the resistance of the tissue after 
chrome tanning treatment convinced us to definitively used this tanning procedure for 
our products. 
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Advantages Disadvantages 
Chrome 
tanning 
 
Quick and easy to produce, 
usually only taking up to a day. 
Stain resistant and water can roll 
off the surface easily. 
Soft and supple to the touch. 
Color remains the same 
throughout the products life. 
It's cheaper to buy than 
vegetable tanned leather, which 
means it is also easier to find. It 
has a high degree of thermal 
resistance. 
 
Chrome tanning is very bad for 
the environment. 
It's produced with little skill and 
very often mass produced. 
Chrome tanning often smells of 
chemicals. 
 
Vegetable 
tannage 
 
Environment friendly; meaning 
any leather products that have 
been vegetable tanned can be 
recycled. 
Due to the natural tannins used, 
vegetable tanned products 
actually improve with age and 
develop a patina. 
The colours that vegetable 
tanning produces are rich and 
warm tones that look completely 
natural. 
 
The process of vegetable tanning 
takes a long time, can take up to 
60 days. 
Products that have been 
vegetable tanned are more 
expensive. 
The colours you can produce 
from vegetable tanning are 
limited. 
Direct heat can cause vegetable 
tanned products to shrink or 
crack. 
 
Table1: advantages and disadvantage of the chrome tanning and vegetable tannage  
 
In the figure 7A is shown the dermis equivalent’s thick after tanning procedure. The 
macroscopic appearance of tanned tissue equivalent and tanned native skin is 
compared in figure 7B. 
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Figure 7.:D.E. at sheet shape and tanned with chrome. (A) thick of sheet; (B) 
surface of D.E. sheet shape is indicate with star against surface of 
raw skin and both were tanned with chrome 
 
In graph 1 we showed the curve of mechanical stress of sample from dermal 
equivalent sheet. We have performed a constant deformation rate of 1,3 mm/min and 
in table 2 is shown the values of tangent elastic module (Etan), maximum strain (Smax) 
and maximum stress (σmax). 
 
 
Graph 1.:mechanical stress curve of D.E. 
 
These values are comparable with the data of the literature, about collagen and 
elastin, in which are reported the following values shown in Table 3. Moreover a 
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connective soft tissue such as our equivalent dermis, can by the point of view of the 
characteristics mechanical, to be schematized as a parallel of elastin and collagen, 
as shown in Figure 7 [10].   
 
mm/min  Etan  [MPa]  σmax [MPa]  Smax [%]  
1,3  1,716  0,158  11,7  
 
Table 2.:sumamry table of mechanical properties of D.E. 
 
material Etan  [MPa]  σmax [KPa]  Smax [%]  
collagen 1000  50-100 10  
elastin 0,6 1 100 
 
Table 3.: table of mechanical properties of collagen and elastin. 
 
 
Figure 7.: schematization of the elastic behavior of elastin collagen and tissue 
 
CONCLUSION 
The results described a process able to build bioengineered tissues having different 
shape able to be tanned. Tissues-equivalent having the shape of disk, large sheet, 
fibers and “doll shoes” have been obtained thanks to versatility of the bottom-up 
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process developed that allow to overcome shape limitations of preformed scaffold. 
By morphological analysis of ECM we found that the tissues realized are very similar 
to native dermis and very interestingly they are able to retain the 3D structure, to be 
undergone a tanning process and so to be useful as possible alternative to animal 
skin in the textile fields. We have tested chrome tanning and vegetable tanned in 
order to understand which procedures, between chrome tanning and vegetable 
tanned, was the best on our tissue and according with economical aspect we have 
choice the chrome tanning. Moreover the tissue not undergoes the shrinkage by 
using chrome tanning that is able to give quality such as softness and a good 
resistance to decomposition. After chrome tanning mechanical properties 
demonstrates that the dermis equivalent have a Young’s modulus (Etan ) comparable 
to the native tissue. 
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